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Introduction
The Standard Model of particle physics (SM) is a renormalisable quantum field theory, based
on the SU(3) × SU(2) × U(1) gauge group. This model is very successful, since it can explain
almost all observations. However, a few points are unexplained. For example, among many other
questions, we do not understand why there are three (and only three) generations of fermions,
why the fermions exhibit such a mass pattern, why there is such a flavour structure among quarks
or leptons. We do not know why the electrical charge is quantified, what is the origin of CP
violation and the anomally cancellation in the SM looks rather miraculous. If the Higgs mech-
anism indeed provides masses to the fermions, the stability of the Higgs mass under radiative
corrections is a problem. There are also a few observations that possibly provide evidence for
physics beyond the SM. Among the latter, is the origin of neutrino masses. About 3/4 of our
Universe is constituted of Dark Energy, the exact nature of it we do not grasp. Only 1/4 of
our Universe is made of matter, but only 15% of this matter is known, the remaining part, the
Dark Matter, being yet unknown. Moreover, we do not know why is there matter at all, if the
Universe was initially matter-antimatter symmetric.
In this thesis, we focus on two of these observations, namely the matter-antimatter asymmetry
of the Universe and the fact that neutrinos are massive.
The dominance of matter over antimatter is an obvious and happy constatation that we do every
day. Observations tell us however that matter dominates, but the domination is really small.
This tiny number, the baryon asymmetry of the Universe, is unexplained in the SM. In chapter 1
we will discuss the most important observations, and present some of the possible explanations.
The other failure of the SM we are interested in stems from the observation of a deficit in solar
and atmospheric neutrino fluxes. As we will explain in chapter 2, these deficits imply that neu-
trinos are massive particles, and this really constitutes a first experimental evidence of physics
beyond the SM.
Among the different mechanisms advocated to explain neutrino masses, we consider in more
detail the class of seesaw models, where some heavy fields which couple to light neutrinos are
added to the SM particle content.
The seesaw model constitutes so far the preferred solution to the non-zero neutrino masses,
mainly for two reasons. First, these heavy fields naturally emerge in larger gauge groups which
attempt to unify the SM interactions. The second reason is that these fields provide an expla-
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nation for the observed matter-antimatter asymmetry, through the leptogenesis mechanism.
Chapters 3, 4, 5 and 6 are devoted to the study of leptogenesis, in which the heavy fields in-
troduced can generate during their decay an excess of leptons over anti-leptons. The lepton
asymmetry is then partly reprocessed into a baryon asymmetry. Chapter 3 can be viewed as an
introduction to the work I have achieved during my thesis, which is discussed in chapters 4, 5
and 6.
In chapter 3, we discuss in detail leptogenesis, in particular the constraints under which does this
mechanism accounts for the observed baryon asymmetry. Chapter 3 relies on the old wisdom
based on the one-flavour approximation. This picture, even if yielding good estimates of the
lepton asymmetry, is nevertheless incorrect.
Indeed, as explained in chapter 4, since the interactions involving charged leptons are usually
in-equilibrium for the temperatures relevant in leptogenesis, lepton flavours have to be consid-
ered. We show in this chapter under which conditions the flavours must be included, and we
show what are the good objects to study in this framework.
In chapter 5, we study the effects of lepton flavours in leptogenesis in the type I seesaw, where
fermion singlets are added to the SM particle content. We show in this chapter how flavours af-
fect leptogenesis. This chapter constitutes the main results obtained during my thesis, which are
important results in all leptogenesis models, since the inclusion of flavours profoundly modifies
the constraints derived in the one-flavour approximation.
Finally, in chapter 6 we investigate the effects of flavours in the type II seesaw, in which scalar
triplets are added to the SM. The framework of this study is a supersymmetric grand-unified
(SUSY-GUT) model, in which scalar triplets as well as fermion singlets naturally appear. In
this chapter we study the influence of lepton flavours, as well as the effect of including second
lightest fermion singlet in leptogenesis. We further correct the GUT relation between charged
lepton and down-type quark masses. These inclusions and corrections are found to be fruitfull,
since they render this model of SUSY-GUT leptogenesis a viable mechanism to account for the
observed baryon asymmetry.
Chapter 1
Baryon Asymmetry of the Universe
It is an every-day observation that matter dominates over anti-matter. On Earth, matter is
present everywhere around us, whereas antimatter is only significantly produced in accelerators.
The Solar system or our galaxie as well, are clearly matter-antimatter asymmetric. One could
think that the Universe contains as much matter as anti-matter, each kind living apart in distinct
regions. However, if it was so, one would expect annihilations X + X¯ → 2γ to occur on matter-
antimatter borders, and therefore high-energy photons would be produced with a clear signature.
As we have not observed such annihilation, we must conclude that our Universe is globally matter-
antimatter asymmetric.
More precisely, two distinct cosmological observations, based on two very different physics, give
us similar probes: in a volume which contains 1010 photons, the number of particles exceeds that
of antiparticles by 6:
ηB =
nb − nb¯
nγ
' 6× 10−10 . (1.1)
This quantity ηB is defined as the Baryon Asymmetry of the Universe (BAU)
1.1 Evidence for a baryon asymmetry
Let us briefly discuss the experimental evidences of the BAU.
1.1.1 Big-Bang Nucleosynthesis
Big-Bang Nucleosynthesis (BBN) [1, 2] is a remarkably trustful window on the early Universe,
since it is based on well-known Standard Model physics. It predicts the abundance of light
elements D, 3He, 4He, 7He as a function of a small set of parameters, among which the matter-
antimatter asymmetry ηB.
In the early Universe, at T ' 20 MeV, baryon-antibaryon pairs annihilate, leaving any baryon
excess frozen-out and constant in a comoving volume. This amount of baryons consists of protons
and neutrons, which are in thermal equilibrium together with e± and neutrinos. For T & 1 MeV,
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these species undergo weak interactions:
n+ νe ↔ p+ e− , p+ νe ↔ n+ e+ , n↔ p+ e− + νe,
which maintain the neutron-to-proton ratio at its equilibrium value:
neqn
neqp
' e−mn−mpT ' e− 1.293 MeVT . (1.2)
At high temperatures, protons and neutrons are most likely free particles, as light nuclei are
disfavoured, due to the high energetic gamma rays of the thermal bath.
Since the rate of weak interactions, Γn↔p ' G2F T 5, decreases faster than the Hubble expansion
rate, H(T ) ' 1.66√g∗GN T 2, the electroweak interactions will freeze as the temperature of
the Universe cools down. This occurs at Tfr ' 0.8 MeV and at this temperature, according to
eq.(1.2), the neutron-to-proton ratio is about nn/np ' 1/6.
During the cooling process, light nuclei become energetically favoured, as the temperature drops
below their different binding energies. 4He, the more stable of them, is likely to be formed.
However, direct production, 2p+2n→ 4He+γ, is highly inefficient due to the small cross-section
of the electroweak processes, and also due to the relative low density of species. Therefore 4He
is more likely produced through a series of chain reactions, which are depicted in fig.(1.1):
3He 4He
 D   T  p
  n
3He n → 4He γ
p n → D γ D n → T γ
D D → T n
3He D → 4He p
Figure (1.1): Schematic representation of the nucleosynthesis chain reaction. Picture taken from [3].
The deuterium production is a prior to the chain reaction, through the process
p+ n → D + γ .
However, given its small binding energy, EB ' 2.2 MeV, as long as the gamma rays of the thermal
bath are energetic enough to photo-dissociate D via γ +D → p+ n, no nuclei can be efficiently
produced. This is the so-called "deuterium bottleneck".
The chain reaction begins when the deuterium to baryon ratio is ∼ 1:
nD
nb
' ηB
(
Tnuc
mp
)3/2
e
EB
Tnuc ' 1 .
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This happens for T ' 0.06 MeV. Once deuterium production starts, the chain reaction rapidly
occurs, until 4He is synthethised. All neutrons are to be converted in 4He, which mass fraction
is then roughly found to be:
Yp =
2nn
nn + np
' 1/4.
Precise computations of this mass fraction show a tiny dependance on the baryon asymmetry [4].
A fit of Yp, accurate over the value ηB ' 6× 10−10, gives [5]:
Yp ' 0.2485± 0.0006 + 0.0016(η10 − 6) , (1.3)
where η10 = 1010ηB, is the normalised baryon-to-photon ratio.
In fact, the 4He mass fraction is not a good indicator of the baryon-to-photon ratio. Rather,
it strongly depends on the expansion rate, and so it is a good indicator of the time at which
nucleosynthesis occured. Indeed, since in a first approximation all neutrons are captured in this
nuclei, the later this capture happens, the longer time neutrons have to decay, and hence a lower
mass fraction is obtained.
The prefered "baryometer" turns out to be deuterium, since its abundance directly results from
the competition between production and destruction processes. The primordial D to H ratio is
accurately fitted around its central value by [5]:
yD = 2.64 (1± 0.03)
(
6
η10
)1.6
, (1.4)
where yD = 105(D/H). This ratio clearly denotes a stronger dependence on the baryon asym-
metry.
Moreover, the post-BBN evolution of the deuterium is easy to track, the latter being only de-
stroyed in stars. Therefore, observations of D in "old" regions of the Universe yield the value of
its primordial abundance:
yD = 2.68+0.27−0.25 . (1.5)
Using this observation, the baryon-to-photon ratio is found to be
η10 = 6.0± 0.4 , (1.6)
which is in excellent agreement with the value predicted by the cosmic microwave background
observation, as we will see in the next section.
Comparatively, the 4He primordial mass fraction is inferred to be
YP = 0.240± 0.006 , (1.7)
which, together with the D abundance, provides the value
η10 = 5.7± 0.4 . (1.8)
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Similarly to deuterium and defining the number abundance of various nuclei relative to the
Hydrogen abundance, y3 = 105(3He/H) and yLi = 1010(7Li/H), the mass fraction of 3He and
7Li are found to be [4]:
y3 ' 3.1(1± 0.01) η−0.610 ,
yLi ' η
2
10
8.5
.
From these fits, and the corresponding primordial abundances inferred by observation, η10 can
be deduced. However, the determinations of the primordial abundance for 3He and 7Li are more
complex and model dependent, hence the inferred η10 should be regarded with less confidence.
Fig.(1.2) shows how the analytical fits for the various mass fractions, together with the primordial
abundances inferred from observation, can result in a determination of the baryon asymmetry.   @@@ÀÀÀ        @@@@@@@@ÀÀÀÀÀÀÀÀ     3He/H p4He 2 3 4 5 6 7 8 9 101 0.01 0.02 0.030.005 CMBBBNBaryon-to-photon ratio η × 10−10Baryon density ΩBh2D___H 0.240.230.250.260.2710−410−310−510−910−10257Li/H pYp D/H p   @@ÀÀ
Figure (1.2): Abundance of light elements. Figure taken from [6].
In conclusion, BBN tells us that the baryon-to-photon ratio is non-zero, but small:
ηB = 5.7± 0.4× 10−10 . (1.9)
1.1.2 Cosmic Microwave Background
The observation of the CMB from the WMAP satellite [7] gives a very precise determination of
the baryon-to-photon ratio, which is consistent with the BBN value given above. However, while
BBN started around T ' 0.08 MeV, t ' 3 min and was almost complete at t ' 20 min, the CMB
photons come from matter-radiation decoupling, which occured at recombination, T ∼ 1 eV or
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equivalently t ' 4 × 105 years [8].
As the temperature drops below T ' 13.6 eV, photons are no longer energetic enough to photo-
dissociate Hydrogen, hence the reaction
e− + p↔ H + γ (1.10)
deviates from equilibrium, resulting in the absorption of free electrons by protons and ionized
atoms. The photons, which were in equilibrium with electrons, via scatterings and annihilations
processes:
e−+ e+ ↔ γ + γ , e− + γ ↔ e− + γ , (1.11)
then decouple and become free streaming particles. The observation of these photons provides
us a snapshot of the Universe at that time.
Before decoupling, the photons and the baryons are strongly coupled, and form a fluid which
is liable to interactions with opposite effects. On the one hand, in a gravitational well, gravity
pushes this fluid down the well, whereas on the other hand the radiation pressure tends to push
it out. The fluid thus goes through accoustic oscillations, which last until the baryons and the
photons decouple.
After their last scattering, photons freely propagate, and the surface of this last scattering appears
to us as a sphere of homogeneous temperature T0 ' 2.273K corresponding to a decoupling tem-
perature Tdecoupling ' 0.26 eV. However, the temperature distribution is not fully homogeneous,
and the study of the anisotropies provides an accurate determination of a set of cosmological
parameters. More specifically, the angular distributions of rescaled anisotropies
∆T (θ, φ)
Tmean
=
T (θ, φ)− Tmean
Tmean
(1.12)
are decomposed on spherical harmonics
∆T (θ, φ)
Tmean
=
∞∑
`=1
∑`
m=−`
a`m Y
`
m(θ, φ) , (1.13)
so that the study of the anisotropies is translated into the study of the angular power spectrum
C` =
〈|a`,m|2〉. The cosmological parameters are extracted after a fit of the power spectrum, over
a set of priors, which are theoretical assumptions [9]. By modifying the values of the differents
parameters, the relative height and space between the different peaks vary. For example, fig.(1.3)
show the different power spectra obtained by varying ηB around its central value, increasing or
lowering the baryon asymmetry up to 50%.
We clearly see how the first accoustic peak, located at ` ' 200, is influenced by the value of ηB.
This first peak is precisely the one which provides the constraint on the baryon asymmetry.
Using WMAP 5 years only, the baryon asymmetry is found to be [9]
ηB = 6.225± 0.17× 10−10 . (1.14)
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Figure (1.3): Temperature angular power spectrum. Figure taken from [3].
The combination of different observations leads [5] to the value
ηB = 6.11+0.26−0.27 × 10−10 , (1.15)
at 95% confidence level. This is the value we will use throughout this thesis.
1.2 Generating the Baryon number of the Universe
The observed baryon asymmetry calls for explanation. One could argue that this asymmetry
was an initial condition of the Universe, or that is has been produced in the very early stages of
its evolution. Assuming that initially the Universe was asymmetric goes against a naturalness
principle, and is not satisfactory. Furthermore, an inflationary period is believed to have occurred
in the Standard Model of Cosmology, (see, e.g. [10]), during which the scale factor a(t) of the
Universe is increased by a factor ∼ 1030. Consequently, any asymmetry existing prior to inflation
would have been extremely diluted, by a factor ∼ 10−30. Therefore, one has to suppose that the
Universe was initially matter-symmetric, and find a way to produce ηB 6= 0 after the inflation
period. We know that the annihilation of baryons and antibaryons is not fully efficient, and so
one can wonder whether such an asymmetry could be produced at the freezing of annihilations.
Following Appendix B 1, we have that for 1 MeV . T . 1 GeV, baryons and antibaryons are in
thermal equilibrium, with
neqb
nγ
'
neq
b
nγ
'
(mp
T
)2
K2(
mp
T
) '
(mp
T
)3/2
e−mp/T . (1.16)
Baryons and anti-baryons annihilate and their density decreases until the reactions freeze-out.
Since the annihilation rate is Γa ' neqb 〈σ|v|〉, with a thermally averages rate 〈σ|v|〉 ∼ 1/m2pi,
1Cf. also chapter 5 and 6 of [1].
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the decoupling occurs when Γannihilation ' H(T ), at a temperature TD ' 20 MeV. At this
temperature, the baryon-to-photon ratio is
neqb
nγ
' n
eq
b¯
nγ
' 10−18  10−10 , (1.17)
which is far below the observed matter-antimatter number density: the Standard Model of
Cosmology cannot explain the baryon asymmetry. Therefore, a model is needed, in which this
number is generated after inflation and before the freeze-out of baryon-antibaryon annihilations.
Sakharov's conditions
It has been shown that three conditions, known as Sakharov's conditions [11], are necessary to
produce a baryon asymmetry in the Universe, starting from a symmetric initial state:
• baryon number must be violated,
• C (Charge conjugation) and CP (charge×parity) must not be conserved,
• the system needs to undergo an out-of-equilibrium period.
The first condition is somewhat obvious, if starting from B = 0 one aims at generating B 6= 0.
The second condition requires both C and CP to be violated. Indeed, for a given process X ↔ i
in which the particle i bears a non-zero baryon number Nb,i and X is any particle, if C were
conserved, one would have M(X → i) = M(X¯ → i¯) and therefore the global baryon number
variation ∆B would be approximately given by the difference between baryon number creation
∆b and antibaryon number creation ∆b¯:
∆B = ∆b−∆b¯ ∝ Nb,i
∑
X
|M(X → i)|2 +Nb,¯i
∑
X
|M(X¯ → i¯)|2, (1.18)
As Nb,i = −Nb,¯i, one trivially observes that no baryon number can be generated.
If CP is conserved, then M(X → i) = M(i → X) = M(X¯ → i¯), the last equality coming
from CPT invariance. Again, it turns out that no excess of baryons over antibaryons can be
generated.
Finally, a departure from thermal equilibrium is needed. Indeed, looking at the Boltzmann
equation for the number densities, neglecting the expansion term, one has
dni
dt
=
∑
X
∫
dΠXdΠi (nX(1± ni) Γ(X → i)− ni (1± nX) Γ(i→ b)) , (1.19)
where (1 ± n) are Pauli blocking or stimulating factors, for fermions (+) or bosons (−). If the
different species i and X were in thermal equilibrium all along their evolution, we would have
nX(1± ni) = ni (1± nX), (1.20)
which, combined with the unitary condition:∑
X
|M(X → a)| =
∑
X
|M(a→ X)| (1.21)
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would ensure that dni/dt = 0.
Another way to see how these three conditions arise is to consider how the baryon number
behaves under C, P and T transformations. Being odd under C, we have
〈B〉 = 〈C C−1B〉 = 〈C−1BC〉 = −〈B〉 , (1.22)
and so C conservation implies 〈B〉 = 0.
Similarly, B is odd under CP so that the same argument holds.
Finally, in thermal equilibrium the system is described by a density matrix ρ(t) = e−βH , so that
one has
〈B(t)〉 = tr(e−βHB(t)) = tr(e−βH e−iHtB(0) eiHt) = 〈B(0)〉 . (1.23)
Given that initially B(0) = 0, no baryon asymmetry can be generated if the system is in thermal
equilibrium.
These three conditions are the basic requirements that a model should fulfil in order to produce
a non-vanishing baryon asymmetry.
1.3 Models of Baryogenesis
Sakharov's conditions can be satisfied in many different ways.
The first attempts to explain the BAU were based on Grand-Unified Theories (GUT) [12]. Indeed,
C and CP violation are easily fulfilled, at least qualitatively if the Yukawa couplings are complex
and the departure from thermal equilibrium is found to be naturally satisfied during the freeze-
out of a heavy particle. Moreover, B violation, which was not known to occur in the SM, is a
common by-product of any GUT theory.
1.3.1 GUT baryogenesis
The early realisations of GUT baryogenesis were based on the SU(5) gauge group, in which a su-
perheavy field, whose mass is related to the various breaking scales (usually 1012 GeV . MX .
MGUT ' 1016 GeV), decays when the temperature drops below its mass. This implies a Boltz-
mann suppression of inverse-reactions, and thus out-of-equilibrium decays. Under the condition
that the X couplings to its decay-products are complex, these decays can produce a non-zero
Baryon number, which was supposed to remain constant during the subsequent cooling of the
Universe.
However, as already stated by Dimopoulos and Suskind in [12], "a quantum mechanical source
of baryon-number violation (...) is possible (...) to seriously alter the results of this [paper]".
Indeed, in 1976, 't Hooft [13] showed that non-perturbative effects, which he called instantons,
and which emerge from the SM gauge structure, are a possible source of B violation. This
violation occurs due to the tunneling over an energy-barrier of the instantons. However, this
instanton-effect was calculated in zero-temperature field theory, and the probability for such a
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B violation to occur was shown to be exponentially suppressed.
Taking temperature into account, Kuzmin, Rubakov and Shapovnikov showed in 1985 [14] that
while the tunnelling through the energy barrier was exponentially suppressed, a non-static gauge
field configuration, lying on the top of the energy barrier, allows B violating processes to quanti-
tatively occur. More precisely, they showed that this field configurations, called sphalerons, are
in equilibrium for 102 GeV . T . 1012 GeV. These processes violate B + L, the excess of which
they rapidly wash-out, whilst conserving the orthogonal B−L. We refer the reader to appendix
A, where sphalerons are discussed in more detail.
The GUT early attempts were B−L conserving, and given that any B+L number created before
sphalerons come into equilibrium is completely erased, such GUT-baryogenesis were ruled-out.
It is customary now to effectively add another condition to Sakharov's three, which could be
formulated as "Prevent B number creation from being erased by sphalerons". There are many
ways to do so. For example, GUT models in which a B − L number is created are not affected
by sphalerons erasure, as we will see in chapter 6.
1.3.2 Electroweak baryogenesis
Another class of models consists in the electroweak-baryogenesis mechanism [16]. While GUT-
baryogenesis was based on the out-of-equilibrium decays of a superheavy field, electroweak-
baryogenesis relies on the possibility of having a strong departure from thermal equilibrium
during the electroweak (EW) phase transition, when the Higgs field(s) acquires a non-zero vaccum
expectation value (vev). The mechanism can be roughly described as follows. Assuming the
electroweak phase-transition to be of first order, then, during the transition, two degenerate vacua
will coexist, one corresponding to the broken phase, with 〈φ〉 6= 0, while the other corresponds
to the symmetric phase 〈φ〉 = 0. As the temperature drops down, the regions of broken phase
grow until they fill all the space, a phenomena called "bubble nucleation".
In the SM, the only source of CP violation resides in the δKM phase of the CKM
2 mixing
matrix for quarks, i.e. originates from the non-degeneracy of up and down quark type masses.
As fermion mass generation is closely related to the Higgs mechanism, it is natural to think
that CP will be violated during the EW phase-transition, when going from the unbroken phase
T ≥ TEW into a bubble of true vacuum T ≤ TEW .
Since sphalerons are in equilibrium for T ≥ TEW , but highly suppressed for lower temperatures,
the creation of a net B number in the unbroken phase, close to the bubble frontier, can result in
a non-zero B number in the broken phase if the phase transition is fast enough compared to the
characteristic time of the sphaleron erasure.
Actually, it has been shown that electroweak-baryogenesis does not work in the SM.
The first reason lies in not having enough sources of CP violation to account for the observed
baryon asymmetry [17]. The second reason comes from the fact that the strong first-order phase-
transition needed for this mechanism to occur requires the Higgs mass to be small, mH . 40 GeV
2Cabibbo-Kobayashi-Maskawa.
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in the SM. Given the LEP result, mSMH & 114 GeV [18], the electroweak-scale SM baryogenesis
is clearly ruled out.
Supersymmetric extensions of the SM could solve this problem [19], by increasing the number of
CP violating sources, and providing a sufficiently first-order phase-transition. For the minimal
supersymmetric (MSSM) extensions to work, some fine-tuning is required [20]. Electroweak-
baryogenesis in singlet extensions of the MSSM is found to be viable [21].
We do not consider this class of mechanism in this thesis.
1.3.3 Aeck-Dine baryogenesis
This class of models relies on flat directions of the supersymmetric scalar potentials [22]. During
inflation, fermion condensates can form along flat directions of the superpotential and can develop
large vevs. After inflation these condensates coherently oscillate around their minima, and baryon
as well as lepton number can be stored in these oscillations.
Albeit being an interesting possibility, we will also not study Aeck-Dine baryogenesis here.
1.3.4 Baryogenesis via leptogenesis
There is another class of models for baryogenesis, which has received an increasing amount of
attention since the original paper of Fukugita and Yanagida [23]: the leptogenesis mechanism.
SU(2) sphalerons violate B + L via the effective interaction term (cf. appendix A)
O =
∏
i
qiL q
i
L q
i
L `
i
L . (1.24)
On the other hand, the B − L direction is conserved by these sphalerons. Hence the proposal
of leptogenesis [24],[25]: a lepton number could be generated from the out-of-equilibrium decays
of a heavy field which couples to leptons. Then this lepton number is converted, at least partly,
into a baryon number.
This mechanism has the interesting feature of relating the observed baryon asymmetry of the
Universe to the yet unexplained fact that the neutrinos are massive particles.
Indeed, in seesaw models, as we will see in the following chapter, the smallness of the light
neutrino masses is usually explained through the addition of a heavy field, whose mass scale is
typically of order of 1010 GeV. This field, which is assumed to be a Majorana spinor, can decay
into leptons and anti-leptons, and can furthermore distinguish between them, granted that their
couplings are complex.
If the seesaw indeed provides mass to the light neutrinos, leptogenesis occurs, at least qualita-
tively.
We will see in the next chapters that under a few assumptions this mechanism can naturally
accommodate the observed baryon asymmetry.
Chapter 2
Massive neutrinos
Neutrinos have a very long history. Their existance was first postulated in 1930 by Pauli [26]
to rescue the principle of energy-momentum conservation in β decays. Thus, neutrinos are
even older than the Standard Model. In 1962, muon neutrinos were observed [27]. Finaly, tau
neutrinos were observed in 2000 by the experiment DONUT at Fermilab [28], and so the tau
neutrino became the last observed particle of the SM. Despite this long history, very little is
known about neutrinos when compared to other species: neutrinos are elusive particles.
Only left-handed neutrinos have been observed. This is because if a right-handed νR would
exist, it would be a singlet under the SM gauge group.Furthermore, given the experimental
possibilities in the 70's, when the SM was being built, (almost) no evidence of neutrino masses
were observed.
Therefore in the SM only the left-handed neutrino component was included. However, this
construction faced, from 60's onward, two major problems: the solar and atmospheric neutrino
anomalies.
2.1 Evidence for neutrino oscillations
The measurements of neutrino fluxes coming from different sources revealed a discrepency be-
tween the expected and the observed signals. This anomaly was observed both in the solar
sector [29] and in the flux of muon neutrinos coming from Earth's atmosphere [30], and consti-
tutes one of the first evidences of physics beyond the Standard Model. Here we just briefly discuss
this question. We refer the reader to the review of Strumia and Vissani [31] for a quasi-exhaustive
presentation of physics where neutrinos are involved.
Solar neutrinos
Historically, this was the first neutrino anomaly. Electron neutrinos are produced in the core of
the Sun, according to the fusion reaction
4 p+ 2 e− → 4He+ 2 νe , (2.1)
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and given the small neutrino cross section, they escape from the core. A flux of νe is then
measured on Earth. The first evidence came from the Homestake experiment [29], which uses
Chlorine through the reaction in a water tank
νe + 37Cl→ 35Ar + e− . (2.2)
Counting the number of 35Ar, it was possible to determine the flux of solar νe. This flux was
measured to be only 1/3 of the expected one, hence the solar neutrino anomaly. At that time,
it was not clear whether new physics was needed, or if solar models had to be revised. Later
on, the SNO experiment [29] was built being sensitive to all neutrino flavours, and also able
to discriminate νe from νµ,τ . The total neutrino flux was measured to be in agreement with
solar model predictions, while the deficit in νe was confirmed: whereas only νe are expected,
all neutrinos flavours were observed. Being confident on the fact that only the electron flavour
is created in the Sun, the disappearance of νe and the appearance of muon and tau flavours
remained to be explained.
Atmospheric neutrinos
Another evidence comes from the detection of neutrinos produced in the upper atmosphere.
High energetic cosmic rays enter the atmosphere, and interact with nuclei, thus producing pions.
These pions decay into muons, according to
pi+ → µ+ + νµ ,
pi− → µ− + ν¯µ .
The high energetic muons subsequently decay
µ− → e− + νµ + ν¯e ,
µ+ → e+ + ν¯µ + νe ,
leading to about a rate for νµ which is roughly twice that of νe. Atmospheric neutrino experiments
measure the value
R =
N(νµ)obs/N(νe)obs
N(νµ)MC/N(νe)MC
, (2.3)
which compares the observed ratio to the expected one. While R = 1 is expected, R ' 0.65
is observed [30]. This points towards an appearance of νe and/or a disappearance of νµ. The
SuperKamiokande experiment [30] settled this question: the deficit from athmospheric neutrinos
results from νµ disappearance.
Interpretation
Different solutions were advocated to explain these flavour conversions, such as neutrino oscilla-
tions [32], neutrino decays (cf ref. 56 of [31]), or decoherence of propagating ν (ref. 44 of [31]):
the SK experiment showed that no-oscillation solutions were ruled-out at 4σ [33].
The oscillatory solution has as immediate consequence that neutrinos are massive particles.
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2.2 Neutrino mixing in the 3 flavour scheme.
A neutrino involved in EW interaction is not a mass eigenstate. Labelling the mass basis eigen-
states by νi, i = 1, 2, 3 and the flavour basis eigenstate by να, α = e, µ, τ , they are related
through a unitary transformation:
|να〉 =
3∑
i=1
U∗αi|νi〉 , (2.4)
The matrix U , called the PMNS1 [34] mixing matrix, is a 3 × 3 unitary matrix which depends
on 3 real mixing angles and on 6 CP -odd phases. Some of these phases can be rotated away by
a redefinition of the fields. After this, for a general n × n unitary matrix, if neutrinos are pure
Dirac spinors n(n−1)/2 mixing angles and n(n−1)/2− (n−1) phases remain, while n(n−1)/2
mixing angles and n(n−1)/2 phases if neutrinos are Majorana spinors. It is customary to express
U as a product of three rotation matrices:
U =
 1 0 00 c23 s23
0 −s23 c23
 .
 c13 0 s13 e
−iδ
0 1 0
−s13 eiδ 0 c13
 .
 c12 s12 0−s12 c12 0
0 0 1
 .diag (eiφ1 , eiφ2 , 1) ,
(2.5)
with cij = cos (θij) and sij = sin (θij). θij are real mixing angles and δ the "Dirac" CP phase. If
neutrinos are Majorana fields, there are two supplementary phases φ1, φ2, the "Majorana" CP
phases, which are absent if neutrinos are Dirac fields.
Given this, the probability for a neutrino that propagates with a mean energy E to oscillate from
a flavour α to a flavour β, after having travelled a distance L, is given by
P (να → νβ) =
∣∣∣∑
j
U∗α jUβ j e
−im
2
j L
2Ej
∣∣∣2
= δαβ − 4
∑
i>j
Re
(
U∗α i Uα j Uβ i U
∗
β j
)× sin2(∆m2i j L
4E
)
+ 2
∑
i>j
Im
(
U∗α i Uα j Uβ i U
∗
β j
)× sin(∆m2i j L
4E
)
, (2.6)
where ∆m2i j = m
2
j −m2i .
The determination of the mixing parameters results from the measurement of neutrino fluxes
coming from different sources and at different distances from the emission source. Together with
the natural sources, man-made sources such as reactors [35] or neutrino beams [36], are comple-
mentary in determining U .
In the atmospheric sector, the disappearance of νµ is explained by an oscillation νµ ↔ ντ , whose
detection allows to constrain θ23 and ∆m223, therefore called atmospheric mixing angle and (dif-
ference of squared) mass(es). In the solar sector, the disappearance of νe is explained by νe ↔ νµ
1Pontecorvo, Maki, Nakagawa and Sakata.
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oscillations, the observation of the latter constraining the solar sector, θ12 and ∆m212. Finally
the last sector, the so-called Chooz mixing angle θ13 and squared mass difference ∆m213, inter-
venes both in solar and atmospheric oscillations and is very constrained by the CHOOZ reactor
experiment [35].
We display in fig.(2.1) the status of neutrino mixing in the relevant (∆m2ij−θij) plane for the
different sectors. It shows the complementarity of natural and man-made sources of neutrinos,
leading to the determination of the several parameters.
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Figure (2.1): Values of squared masses differences and mixings angles determine by global fit of neutrino
oscillation data. Figures taken from [37].
The global fit to these oscillation parameters, taken from [37], is given in the following table:
Parameter Best fit 3σ
∆m212/10
−5 eV 7.6 7.18.3
|∆m213|/10−3 eV 2.4 2.02.8
sin2 θ12 0.32 0.260.40
sin2 θ23 0.50 0.340.67
sin2 θ13 0.007 ≤ 0.050
The atmospheric mixing angle is observed to be maximal, while the solar angle is large but
non-maximal, at a very high level of confidence. The last mixing angle θ13 is still only upper-
constrained. The precise value of this mixing angle is very important, since it is necessary for it
to have a non-zero value if CP violation coming from the Dirac CP phase is to be experimentally
observed. The observation of a non-zero value for θ13 could also allow to determine the neutrino
mass ordering. As of today the sign of ∆m213 ' ∆m223 remains unknown, leaving two possibilities
for the neutrino spectrum: either the mass ordering is normal hierarchic, with m1 ≤ m2 ≤ m3,
or it can be inverse hierarchic with m3 ≤ m1 ≤ m2. Considering the oscillation probability, we
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see that only the third term
∝ 2
∑
i>j
Im
(
U∗α i Uα j Uβ i U
∗
β j
)× sin(∆m2i j L
4E
)
(2.7)
can lift this degeneracy. Since the Jarlskog invariant [38],
|U∗α i Uα j Uβ i U∗β j | ≡ J = s12 c23 s23 c313 s13 sin(δ) , (2.8)
depends on sin(θ13)sin(δ), we see that a non-zero value of θ13 is crucial.
The oscillation experiments provided the first proof that neutrinos are massive. Nevertheless,
these oscillations neither depend on the neutrino mass scale nor on the nature of neutrinos, that
is, on having Dirac or Majorana neutrinos. In the last case, two additionnal CP violating phases
φ1,2 exist, which do not enter in the oscillation probability.
Hence, non-oscillation experiments are required in order to complete the picture.
2.3 Non-oscillation experiments
Cosmology
It may not be straightforward how cosmological observations could constrain neutrino parame-
ters. Nevertheless, robust constraints are derived, when different observations are combined [39].
Were neutrinos massive enough, they would have contribute to distort the photon power spec-
trum during recombination. Observations of the CMB alone [40] give an upper-bound on mν :
Σmν . 1.3 eV (95%C.L.) . (2.9)
The effect of neutrinos is not seen on the CMB, but rather on large scale structure formation.
Being massive, neutrinos carry a fraction of the total mass density, Ωm, which has been precisely
measured by WMAP, for instance. However this mass fraction is small. Furthermore, neutrinos
have an important free-streaming length `F , since they are only charged under SU(2). Therefore,
on scales that are smaller than `F , neutrinos are unable to cluster, that is, to participate in the
formation of large-scale structures, the clustering on these scales being somewhat delayed. As the
temperature of the Universe lowers, neutrinos become non-relativistic and their free-streaming
length is reduced. Hence neutrinos begin to cluster, as ordinary matter. Therefore, the heavier
the neutrinos are, the earlier do they cluster, allowing large-scale structure formation at higher
temperature (earlier times).
The constraint on neutrino mass from WMAP 5 year analysis, including many different obser-
vations, reads [40]
Σmν . 0.61 eV (95%C.L.) . (2.10)
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Beta decay
The beta decay experiment constitutes the best direct test of neutrino masses. The effect of
neutrino masses is to distort the end-point of the beta-decay energy spectrum of the beta decay.
Indeed, in the decay
d→ u+ e− + νe , (2.11)
the energy of the electron is Ee = Q − Eν , which is maximal for Ee = Q − mν . Here Q
stands for the energy released in the β decay, e.g. for tritium beta decay, 3H → 3He + e + νe,
Q = m3H −m3He ' 18.6 keV.
Around the end-point, the energy spectrum of the electron is ∝ √(Q− Ee)2 −m2νe , and so
mνe 6= 0 will imply a deviation from the line Q − Ee. So far, the best constraint comes from
MAINZ [41] and TROITSK [42] experiments:
mνe . 2.2 eV . (2.12)
The future beta decay experiment, Katrin [43], which is schedules to begin data taking on 2010,
is expected to reach a sensivity of 0.2 eV to neutrino masses.
Neutrinoless double-beta decay
The experiments of neutrinoless double-beta decay [44] are very important for neutrino physics,
since the observation of such a process would imply that neutrinos are Majorana particles. As
can be seen in fig.2.3, 0ν ββ consists in the reaction
(A,Z)→ (A,Z + 2) + 2 e− , (2.13)
which violates lepton number by two units.
n
n
p
p
W−
W−
νL⊗
νL
eL
eL
Figure (2.2): Feynman diagram for neutrinoless double-beta decay.
The decay rate for this process,
Γ0ν β β ∝ |M|2 |mee|2 , (2.14)
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depends on mee which is the ee entry of the neutrino mass matrix
mee =
∑
i
U2eimi
= cos2(θ13)
(
m1 e
2iφ1 cos2(θ12) +m2 e2iφ2 sin2(θ12)
)
+m3 sin2(θ13) . (2.15)
We see that these processes also depends on the Majorana CP violating phases φ1,2. However,
there is an uncertainty of order O(3) on the nuclear matrix elements, which further depend on
the nuclei used [31].
The status of 0ν ββ is controversial, since the observation of a positive signal has been claimed by
members of the Heidelberg-Moscow experiment [45], corresponding to |mee| . 0.1− 0.9 eV, but
this signal has not been confirmed by, for example NEMO or CUORICINO [44], which obtained
the bounds |mee| . 0.7− 1.2 eV and |mee| . 0.2− 0.9 eV, respectively. Hence the importance of
future 0ν ββ experiments.
2.4 Neutrino mass models
The observation of neutrino oscillations lead us to the conclusion that neutrinos are massive
particles, which necessarily implies to somehow extend the Standard Model. In fact, these
observations provided the first evidence of physics beyond the SM.
It has been noticed by Weinberg [46] that, given the quantum numbers of lepton and Higgs fields,
the Lagrangian can contain the following non-renormalisable dimension 5 operator
Ld=5 = 1
2
fαβ
(
`cLα φ˜
∗
)(
φ˜† `Lβ
)
, (2.16)
which violates lepton number by two units. Actually, this operator is the only dimension 5
operator built out of SM fields, and invariant under the SM gauge group.
After the Higgs develops a vev, this term gives a Majorana mass to the light neutrinos mν '
fαβ v
2, the smallness of mν coming from the smallness of f . In Weinberg's paper, the coefficient
fαβ was expected to be ∝ M−1 . 10−12/mW , hence producing a neutrino mass mν ' 10−5 −
10−1 eV.
This operator may result from an underlying theory, where light neutrinos couple to some field,
stabilised at some high scaleM , the integration of which would give rise to the Weinberg operator
eq.(2.16). Thus, the appealing feature that light neutrino masses could be a window to (very)
high energy physics.
There is other possibilities to generate neutrino mass. For example, a natural solution is to
introduce right-handed neutrinos, which couple to the left ones via an additional Yukawa coupling
λ, the smallness of mν being explained by the smallness of λ. This coupling should then be
. 10−12.
Many other possibilities and models can account for neutrino masses. Given the SM field content,
let us see what are the possible extensions.
For that purpose we consider the following fields, whose quantum numbers under SU(3) ×
SU(2)L × U(1)Y are given below:
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field label G321
lepton doublet `L (1,2,−1/2)
charged lepton singlet eR (1,1,−1)
neutral lepton singlet νR (1,1, 0)
Higgs doublet φd (1,2,−1/2)
Higgs doublet∗ φu (1,2, 1/2)
In the above notation, we label the SM Higgs field φd, while φu ≡ φ˜d = iσ2 φ∗d, σ2 being the
Pauli matrix.
Given the fields considered, it is straightforward to determine the possible extensions of the SM
which would give masses to the neutrinos either at tree level or due to radiative corrections:
Extension of the Higgs sector
Product G321 field mass term
`L ⊗ `L (1,1,−1) singlet scalar η+ Majorana (LH) mass
`L ⊗ `L (1,3,−1) triplet scalar ∆ Majorana (LH) mass
eR ⊗ eR (1,1,−2) singlet scalar k++ Majorana (RH) mass
Extension of the fermionic sector
`L ⊗ φu (1,1,0) singlet νR neutrino Dirac type mass
`L ⊗ φu (1,3,0) triplet Σ Majorana (LH) neutrino mass
In the above table, RH and LH denote right and left handedness, respectively. In addition to the
mass terms above, the right-handed neutrinos can also have a Majorana mass term νRi νRjMij ,
appearing as a bare mass term in the SM potential. As stated above, the minimal extension of
the SM consists in including right-handed neutrinos (RHn) which couple to left-handed ones via
λij `L φu νR + h.c.. When φ acquires a vev, this term provides a conventional Dirac type mass
for neutrinos mν (νL νR + νL νR). For neutrino masses of mν . 0.5 eV, the neutrino Yukawa
coupling should be λ . 10−12 ∼ 10−6he, where he is the Yukawa coupling of the electron. Such
a model is perfectly viable; after all he ∼ 10−6 ht. This model, called νMSM, has been studied
for example in [47], and has several cosmological implications.
Nevertheless, one could argue (even if this cannot be seen has a proof on itself) that since the
inclusion of right-handed neutrinos induces a violation of the lepton number, it is quite natural to
link it to some high energy scale at which B−L is broken. Another argument is that such small
couplings, even if possible, are non-natural. We adopt this point of view and do not consider
this scenario.
In the Zee [48] or Zee-Babu [49] models, which are based on the inclusion of the fields η+ and k++,
neutrino masses emerge from radiative effects at either one or two loops, and the suppression
of neutrino masses comes from these loop factors. We do not consider here these models, but
examine the class of seesaw models explained hereafter, in which neutrino masses are generated
at tree level and which up to now provides the preferred explanation for neutrino masses.
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2.5 Seesaw models
Common to all these models, is having a suppression of the neutrino mass which indirectly
originates from the introduction of a new mass scale, typically far higher than the electroweak
scale.
2.5.1 Fermion singlet: type I seesaw
This mechanism was originally the first of the seesaw class [50], and originates from grand
unification theory. Indeed, in S0(10) models, the minimal representation which is complex and
anomaly free, is a 16 spinorial representation. This representation contains all SM fermions fields
of one generation plus one extra field, singlet under the SM gauge group, which can be identified
as a right-handed neutrino.
In these GUT models, typically the RHn is not a gauge singlet. It couples to some Higgs
representation, which acquires its vev at a high scale, of order 1012 − 1016 GeV. Integrating out
this heavy field at the electroweak scale gives the effective term eq.(2.16).
Such a GUT embedding is nevertheless not necessary at all, since the Majorana mass term can
be put by hand as a bare mass term in the Lagrangian, the right-handed neutrino being singlet
under G321. In such a case, the neutrino Yukawa sector reads
Lν = −λ†α i νiR `α φ∗u −
1
2
MijνcR
i
νjR + h.c. , (2.17)
where ψc = C ψT is the charge conjugated of ψ.
After the SM Higgs acquires its vev,〈φu〉 = v ' 174 GeV, the first term provides a Dirac mass
for the neutrinos
Lν ⊃ −mα iD νLi νjR , (2.18)
with
mD = λ v/
√
2 . (2.19)
Using the identity
νL νR =
1
2
(
νL νR + νcR ν
c
L
)
the above mass term can be written
Lν = −12
(
νL, νcR
)( 0 mD
mTD M
) (
νcL
νR
)
.
Assuming M  mD, the diagonalisation of the matrix above gives us two eigenstates per gener-
ation, which are Majorana spinors. At leading order, one state is given by
N = νR + νcR
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with mass M . For now we will call this state the right-handed neutrino. The other state is at
leading order
ν = νL + νcL ,
mostly composed of the left-handed neutrino, as implied from low energy observations. The mass
of this light neutrino is given by the seesaw relation [50]:
mijν = v
2λikM
−1
k λjk , (2.20)
in the basis where M is diagonal.
The light neutrino mass matrix is diagonalised by the PMNS matrix U introduced earlier:
Dm = UT mν U , (2.21)
where Dm = diag(m1,m2,m3).
In addition to the nine low-energy parameters, enlarging the fermionic sector by three right-
handed neutrinos provides nine extra parameters: three masses + three mixing angles + three
CP violating phases. There are different ways of parametrising these unknown parameters,
namely the bottom-up approach, where one fixes the low-energy sector to reconstruct the high-
energy one, or the converse top-down approach in which one fixes the high-energy sector. These
two parametrisations are useful depending on whether one considers either an effective or a full
theory, respectively. In this thesis we use the intermediate Casas-Ibarra [51] parametrisation,
where one fixes both low and high energy parameters to infer the neutrino Yukawa coupling λ.
This useful parametrisation derives from the fact that since λ.λ† is an hermitian matrix, it can
be diagonalised by an orthogonal matrix R, satisfying R.RT = 1. The matrix R is parametrised
in terms of three complex angles. Here we use the following parametrisation
R =
 c3c2 c3s2 s3−c1s2 − s1s3c2 c1c2 − s1s3s2 s1c3
s1s2 − c1s3c2 −s1c2 − c1s3s2 c1c3
 , (2.22)
where, as for the PMNS matrix, c(s)ij = cos(sin)(zij), the zijs being complex angles. One can
therefore reconstruct λ, according to
λ1α =
(√
M.R.
√
m.U †
)
1α
, (2.23)
whereM = diag(M1,M2,M3) is the heavy neutrino mass matrix. Hence, in this parametrisation,
among the 18 parameters, 15 are free: in the low energy sector, once the solar and atmospheric
∆m2 and mixing angles are fixed, the neutrino mass scale -min(mi)- and the mass ordering
-sign(∆m213)- remain free, as well as the mixing angle θ13 and the three CP phases δ − φ1,2. In
the high energy sector, the R matrix and the 3 right-handed neutrinos masses are unconstrained,
hence there are 9 free parameters 2. As stated above, among these parameters, min(mi), θ13,
2Actually there are 3 more degrees of freedom which are the CP parities of the RHns, and one should use
R′ = R.diag(±1,±1,±1), with R given by eq.(2.22). Here we consider the case R′ = R.
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sign(∆m223) and δ are expected to be determined in a near future, whereas the 11 remaining
parameters will probably not. This is clearly a problem if one wants to make some predictions,
hence the will to reduce this number. There are different ways to do so.
In the above discussion, we assumed that 3 right-handed neutrinos are added to the SM particle
content. Actually, the minimal extension of the SM requires only 2 RHns to generate the 2
oscillation frequencies. In this model [52], the lightest LH neutrino is massless min(mi) = 0,
hence the 6 yet free low-energy parameters are reduced to 4, since additionnaly the Majorana
CP violating phase associated to min(mi), φ1, can be rotated away. Furthermore, the high-
energy sector reduces to 4 unknowns, although there is little experimental or theoretical support
for this hypothesis.
2.5.2 Scalar triplets: type II seesaw
This model consists in the addition of a scalar triplet ∆ charged as (1,3,1) under SU(3) ×
SU(2)L × U(1)Y [53]. This field is a real scalar triplet under SU(2), which lies in the adjoint
representation. ∆ can couple to a product of two left-handed fields. Writing
∆ =
(
∆+
√
2 ∆++√
2 ∆0 −∆+
)
, (2.24)
and assuming that ∆ takes a non-zero vev along its U(1)em singlet direction,
〈
∆0
〉
= vL 6= 0, a
Majorana mass term for light neutrinos can be generated. Indeed, since QY (∆) = −2QY (`L),
we have in the Lagrangian the additional term
L ⊃ −1
2
fij `
T
L i ∆ (iσ2)C `L j
〈∆0〉=vL−→ −1
2
(
mIIν
)
ij
νTL iC νL j . (2.25)
In this so-called type II seesaw, the light-neutrino mass is given by mν = f vL and its suppression
originates from the small vev of ∆0 vL  v. This smallness can be understood from the other
couplings of the triplet that are allowed in the Lagrangian, in particular its coupling with the
SM Higgs doublet φd:
L∆ ⊃ −µ∆ φTd (iσ2) ∆φd −M2∆ Tr(∆†∆) + ... (2.26)
where the dots represent higher order couplings. When φ and ∆ develop their vev, assuming
M∆  v, one obtains a seesaw like relation between vL and v:
vL = −µ∆ v
2
M2∆
 v . (2.27)
This ensures the smallness of mIIν . This mechanism naturally occurs in GUT models, where
scalar triplets are contained in the higher dimensional representions of Higgses used to break the
GUT group down to the SM. In such a GUT framework, it is frequent that both type I and type
II seesaw mechanisms occur.
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2.5.3 Fermion triplets: type III seesaw
Finally, a third type of seesaw mechanism can occur, where fermion triplets Σ are added to
the SM particle content [54]. These fermion triplets couple to leptons via additional couplings
∝ λΣ ` φu Σ+h.c.. Since these triplets reside in the adjoint representation of SU(2)L, a Majorana
mass term for Σ is allowed ∝ MΣ Σ Σc. In these scenarios, masses for the light neutrinos are
generated according to:
mIIIν = −
v2
2
λTΣM
−1
Σ λΣ , (2.28)
which is similar to the type I seesaw formula.
Probing the seesaw ?
All these mechanisms are built to account for a suppressed light neutrino mass. However, the
scale at which B − L is violated depends on the model and on its input parameters, naturally
implying very different low-energy signatures [55]. It would be very interesting to determine
which scenario is the most likely to occur, since this knowledge has important implications,
notably in the building of a high energy model consistent with low-energy data.
Seesaw and leptogenesis
The seesaw models share the interesting feature that the light neutrino mass is suppressed owing
to the introduction of a intermediate scale -M , M∆ or MΣ- between the SM one and the GUT
one, the seesaw scale, at which the lepton number is violated. This is a welcome by-product
of seesaw, which is used in leptogenesis models. In chapters 3, 4 and 5, we will investigate
leptogenesis in type I seesaw, while leptogenesis in type I+II seesaw is studied in chapter 6. We
do not consider leptogenesis in the type III seesaw. In [56], it has been found that the role played
by Σ in leptogenesis is similar to the one played by fermion singlets.
Chapter 3
Leptogenesis
in the single flavour approximation
In the previous chapter we have seen that the seesaw mechanism, in addition to explaining neu-
trinos masses and mixings, implies the violation of lepton number. This L violation is a welcome
by-product of these models, and is the building-block of the Fukugita and Yanagida seminal
paper [23], where the foundations of leptogenesis were first laid.
In this chapter, we introduce leptogenesis in the so-called one-flavour approximation [57, 58, 59],
which in most cases provides good estimates of the baryon asymmetry. Here we focus our dis-
cussion on the type I seesaw, the type II being latter addressed in chapter 6.
3.1 Basics of leptogenesis
In the type I seesaw model, the added right-handed neutrinos are very heavy particles, and only
interact with leptons and the Higgs boson, via their Yukawa couplings. Being heavy, the right-
handed neutrinos decouple early from the thermal bath. When they decouple, their decay will
create leptons and antileptons, and if CP is violated during these decays, an excess of leptons
over antileptons can be obtained. Once right-handed neutrinos are completely frozen out, the
lepton-antilepton asymmetry will evolve without being affected, as all other processes are CP
conserving. Then the fast B + L violating processes that are in-equilibrium partly convert this
lepton asymmetry into a baryon asymmetry. This very rough picture highlights the three main
features of leptogenesis:
• A lepton-antilepton asymmetry is created due to CP -odd couplings/processes.
• At the same time, leptons and antileptons are liable to inverse reactions that potentially
wash-out the asymmetry.
• Sphalerons partly convert the lepton asymmetry into a baryon asymmetry.
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We will discuss the different points in detail hereafter, but let us first give a qualitative picture
of thermal leptogenesis.
The right-handed neutrinos are assumed to be Majorana spinors, and so can decay into both
lepton and antilepton, due to the Yukawa coupling
L ⊃ λαiN i `α φ+ λ†αiNi `α φ∗ , (3.1)
`α being the lepton doublet of flavour α, while φ is the SM Higgs doublet.
As we saw in the previous chapter, this coupling λ is in all generality a 3 × 3 complex matrix,
which, if complex, implies that Ni's interactions distinguish between leptons and antileptons: a
CP asymmetry can be created in the decays of RHns. This CP asymmetry is defined by the
difference between the decay rate into leptons and antileptons
εCP ≡ Γ(N → `φ)− Γ(N → `φ)
Γ(N → `φ) + Γ(N → `φ) . (3.2)
In the thermal scenario of leptogenesis, a population of right-handed neutrino is first created
from the thermal bath via inverse decays `φ→ N , `φ→ N and scatterings. From these inverse
decays and scatterings a lepton asymmetry is produced, defined as:
YL ≡ nL − nL
s
, (3.3)
where Yx = nx/s is the comoving number density, the number density to entropy density ratio.
During the thermalisation of RHns, YL is proportionnal to −εCPYN .
Then, as the temperature of the Universe decreases, RHns begin to decouple and decay, creating
an asymmetry ∝ εCPYN , that potentially cancels out with the former one. However, during
and after thermalisation of RHns, the lepton asymmetry undergoes washout processes and so is
partly depleted. An exact cancellation is therefore avoided. The surviving asymmetry is then
∝ εCP YN (1 − 1/Cwo) ' εCP η 6= 0, where Cwo & 1 reflects the washout of the asymmetry.
η is called the efficiency factor; it reflects the competition between production and depletion
of the asymmetry, as well as the ability of those process to thermalise the N 's. In thermal
leptogenesis, η ' O(0.1). The overall factor is the equilibrium density of RHn at the beginning
of the leptogenesis epoch, and is roughly 10−3. A baryon asymmetry is then generated owing to
sphaleron processes that partly convert the L asymmetry into a B asymmetry, with a conversion
factor that depends on the model and on the temperature, but is roughly −1/2.
The amount of baryon asymmetry produced by leptogenesis is then approximately
YB ' −× 10−3 η εCP , (3.4)
a value to be compared with the observed baryon asymmetry (cf appendix B for relating YX to
nX):
Y obs.B =
nb − nb
s
=
ηB
7.04
' 8.7× 10−11 . (3.5)
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It implies that the CP asymmetry generated in RHn decays is required to be
εCP & few × 10−7 , (3.6)
which constrains the parameters of the model. Let us now discuss the different points in more
detail.
3.2 CP violation
We have defined εCP as the difference between the decay rate into leptons and antileptons. This
CP asymmetry emerges from the interference between the tree level decay rate and the 1-loop
corrected one. Indeed, at tree level, for the decay of a right handed neutrino, and given that
Γ(Ni → `αφ) ∝ |λαi|2 and Γ(Ni → `αφ) ∝ |λ?αi|2, trivially no CP asymmetry is possible.
If we define the tree level decay amplitude by Atree = α, the CP conjugate process is Atree = α?,
and their respective one-loop corrections are A1−loop = αβF and A1−loop = α?β?F , where F is
related to the loop function, and β is some dimensionless coupling, then the CP asymmetry is
given by
εCP =
∫
[D] (|α (1 + βF) |2 − |α∗ (1 + β∗F) |2)∫
[D] (|α (1 + βF) |2 + |α∗(1 + β∗F) |2) ,
' −2 Im {β} Im
{∫
[D]F
}
, (3.7)
where
∫
[D] stands for phase-space integration.
We see that a non-vanishing εCP requires both β and F to be complex, i.e. the 1-loop correc-
tions have to develop an absorptive part, that is, on-shell particles must be running in the loop.
Moreover, the tree level and the loop corrections have to differ by a relative phase which comes
from β.
Evaluation of εCP
In this model, the CP asymmetry arises from the interference between the tree level decay
diagram and the one-loop corrections, whose Feynman diagrams are depicted in fig.(3.1).
Ni ℓα
φ
(a)
Ni
φ
ℓβ
Nj
φ
ℓα
(b)
Ni
φ
ℓβ
Nj
φ
ℓα
(c)
Figure (3.1): One-loop diagrams contributing to the asymmetry from the Ni decay.
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There are two types of corrections to the tree level diagram (a): one from the vertex correction
(b) and another one from the self-energy correction (c) [60]- [61], with
εCP = εvertexCP + ε
self
CP .
Since the decaying right-handed neutrinos are unstable particles, one cannot handle them in
terms of asymptotic in- and out- states. One should rather deduce their properties from their on-
shell contribution to lepton-lepton scatterings [62]. The latter being stable, the usual formalism
applies. Then, from the S−matrix elements of such scatterings, the CP violating properties of
RHn decays are inferred.
Nevertheless, it appears that in the case where the differences between RHn masses are large
compared to their width differences, that is if |MNi −MNj |  |Γi − Γj |, the naïve calculation
and the careful one give the same results. We first assume such non-degeneracy of RHn masses,
and evaluate εvertex and εself in the naïve prescription. We then discuss the resonant regime,
and how it affects the self-energy contribution.
Evaluation of εvertexCP
For the process Ni → `αH, the tree level amplitude reads
iM0i,α = iλ∗αi u`α(p`) PR uNi(pN ) , (3.8)
where PR(L) is the right(left) chirality projector PR(L) = (1 + (−)γ5)/2.
The vertex correction reads
iMvertexi,α =
∑
j=1,2,3
∑
β
(i)6 λ∗jαλ
∗
jβ λiβ u`α(p`)F uNi(pN ) , (3.9)
where
F = PR
(∫
[D] 1
/k −Mj PR
1
/q −mβ + iε PL
1
q2H −m2H + iε
)
. (3.10)
The absorptive part of the loop-function comes from the fact that internal leptons (`β) and
Higgses are on-shell. Moreover, we can neglect their masses, as m`,mH Mj1.
In the loop function, k, q and qH are internal momenta, with pN = q + qH and k = qH + p`.
After a straightforward calculation, one obtains for the loop function:
F = −i
16pi2
1
Mi
(
f1
(
M2j
M2i
)
/pN + f2
(
M2j
M2i
)
/p`
)
. (3.11)
As lepton masses are neglected, the part ∝ /p` will not contribute and we neglect it in the
following. In the expression above we introduce the function f1(x):
f1(x) =
√
x
(
1− (1 + x) log (1 + 1
x
)
)
(ipi − (1 + log x))− (1 + x)L2
(
−1
x
)
, (3.12)
1This assumptions holds at T = 0. When taking temperature into account, particles acquire effective masses
due to screening of the thermal plasma. While lepton masses can still be neglected, mH(T ) ' 0.4T , and so at
high temperatures mH can in fact be heavier than MNi .
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where L2(x) is the dilogarithm function.
The CP conjugated process Ni → `α +H∗ reads at tree level:
iM0i,α = iλαi vNi(pN ) PL v`α , (3.13)
whereas the corresponding vertex correction reads:
iMvertexi,α =
∑
j=1,2,3
∑
β
(i)6 λjα λjβ λ∗iβ
−i
16pi2
1
Mi
f1
(
M2j
M2i
)
vNi(pN ) PL /pN v`α(p`). (3.14)
Then the evaluation of εvertexCP is straightforward. The numerator simply reads
num(εvertexi,α ) =
1
16pi2
1
Mi
4
 ∑
j=1,2,3
Im
{
f1
(
M2j /M
2
i
)}
Im
{
λ∗αiλαj
(
λ†λ
)
ij
} 1
2
M3i , (3.15)
where we have detailed the different contributions, and used global four-momentum conservation
pN = p` + pH . The numerator is ∝ λ4. In this expression we write
(
λ†λ
)
ij
=
∑
β λ
†
iβ λβj .
For the denominator one considers only the leading term:
den(εvertexi,α ) = M
2
i
(
λ†λ
)
ii
. (3.16)
Thus we find the well known result concerning CP violation coming from the vertex correc-
tion [61]:
εvertexi,α =
1
8pi
∑
j=2,3
Im
{
λ∗αiλαj
(
λ†λ
)
ij
}
(λ†λ)ii
f
(
M2j
M2i
)
. (3.17)
Notice that the sum is made over j 6= i, since the contribution from Ni running into the loop is
the same for both CP conjugated processes. In the expression above, the loop function f(x) is
the imaginary part of f1(x) :
f(x) =
√
x
(
1− (1 + x) log (1 + 1
x
)
)
. (3.18)
Evaluation of εselfCP
Let us now turn to the evaluation of the the self-energy contribution to the CP asymmetry, still
in the case of non-degenerate masses.
While the tree level contribution is given by eq.(3.8), the one loop correction reads
iMselfi,α = −2
∑
j=1,2,3
λ∗αj λ
∗
βj λβi
× u`α(p`) PR
1
/pj −Mj PR
∫
[D] 1
/q −mβ + iε
1
q2H −m2H + iε
PL uNi(pN ) , (3.19)
with obviously pj = pN , and qH = q − pN . The overall factor 2 comes from the fact that both
components of the SU(2) doublet can run into the loop. Analogous to the vertex correction, the
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contribution from j = i cancels out with the CP conjugated process.
Neglecting Higgs and lepton masses, the loop function is
F =
∫
d4q
(2pi)4
/q
q2 + iε
1
(pN − q)2 + iε , (3.20)
and is clearly divergent. Using dimensional regularisation, and going on-shell p2N = M
2
i , one
obtains
F = /pN
(4pi2)
(
1
2
(
2
ε
− γ + ln(4pi)− ipi
)
+ 1
)
+O(ε) , (3.21)
where ε = 4− d and γ is the Euler constant.
The evaluation of the self-energy correction then follows the same lines than the vertex correction.
The CP conjugate process Ni → `αφ∗ presents the same divergence as above, but the CP
asymmetry resulting in the difference of the two partial decay rates is finite:
εselfi,α =
1
8pi
∑
j 6=i
Im
{
λ∗αiλαj
(
λ†λ
)
ij
}
(λ†λ)ii
g
(
M2j
M2i
)
, (3.22)
with
g(x) =
√
x
1− x . (3.23)
Had we included lepton number conserving self-energy diagrams, we would have obtained an
additional contribution
εself
′
i,α =
1
8pi
∑
j 6=i
Im
{
λ∗αiλαj
(
λ†λ
)
ji
}
(λ†λ)ii
gc
(
M2j
M2i
)
, (3.24)
with gc(x) = x−1/2 g(x), which in the hierarchical limit is suppressed when compared to the
lepton number violating one eq.(3.22).
Adding the two contributions, and assuming that right-handed neutrinos are non-degenerate,
the CP asymmetry in the lepton flavour α produced by the decay of a right-handed neutrino Ni
is finally given by [61]:
εi,α =
1
8pi
∑
j 6=1
Im
{
λ∗αiλαj
(
λ†λ
)
ij
}
(λ†λ)ii
(f(xj) + g(xj)) . (3.25)
A remark on the calculation of εselfCP
We see that while the vertex-correction is well defined, the self-energy correction is divergent for
both CP conjugated processes, although the difference is finite for non-degenerate RHn.
One expects the self-energy CP asymmetry to vanish when the right-handed neutrinos are exactly
degenerate, since then the CP violating phases of the mixing matrix can be rotated away. We
see that in the naïve estimation above, the function g(x) diverges when x→ 1, a clear proof that
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this treatment is incorrect. Actually, this comes from the fact that in the degenerate case, the
widths of the RHns cannot be neglected, as will be shown below.
One way to deduce the CP violating properties of N decays is to look at Higgs-lepton two-body
scatterings mediated by on-shell Ni [62]-[63]. The unstable nature of right-handed neutrinos is
taken into account by summing self-energy corrections in the propagator, which near the pole
has a Breit-Wigner form:
S(q2) ∝ 1
q2 −M2i + iMi Γi
, (3.26)
where Γi is the width of Ni, given by
Γi =
(
λ†λ
)
ii
Mi
8pi
. (3.27)
It has been found in [63] that the self-energy correction reads (in the simplified 2 RHn scheme):
gcor(x) = −
√
x(x− 1)
(x− 1)2 + (x aj − ai)2 , (3.28)
with ak = Γk/Mi.
Then, in the non-degenerate case, for |MNi−MNj |  |Γi−Γj |, one recovers the function g(x) of
eq.(3.23). When RHns are exactly degenerate, no divergence appears as gcor(1) = 0, as expected.
Having evaluated the CP asymmetry produced by Ni decays, let us now consider the mechanism
that produces a lepton asymmetry.
3.3 Leptogenesis in the single flavour approximation
In the single flavour approximation, one assumes that only the processes involving the lightest
RHn contribute to the production of a lepton asymmetry. In the case of a hierarchical spectrum,
M1 M2,3, any asymmetry produced during N2(N3) leptogenesis, at T ∼M2(M3) is supposed
be completely wiped out during the N1 leptogenesis era, at T ∼M1.
Another approximation concerns the decay products: in this simplified picture only the total
lepton asymmetry is considered, without taking account the flavour content of the leptons pro-
duced. Hence N1 decays into L in a CP violating way and the CP asymmetry is obtained by
summing over lepton flavours:
ε1 =
∑
α
ε1,α =
1
8pi
∑
j 6=1
Im
{(
λ†λ
)2
1 j
}
(λ†λ)11
(f(xj) + g(xj)) . (3.29)
Assuming M1 M2,3, and given the asymptotic behaviour of the loop function
f(x) + g(x) x1−→ − 3
2
√
x
, (3.30)
and further using the seesaw formula for the light neutrino mass
mαβν = λαkM
−1
k λ
T
kβ , (3.31)
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the CP asymmetry can be re-expressed as
ε1 =
3M1
16pi
Im
{
(λT .m∗ν .λ)11
}
v2 (λ†λ)11
. (3.32)
Davidson and Ibarra have shown [64] that the CP asymmetry can be bounded from above by a
function that only depends on right-handed and light neutrino masses. This bound reads
|ε1| . εDI = 316pi
M1(mmaxν −mminν )
v2
, (3.33)
wheremmaxν (m
min
ν ) is the largest (smallest) light neutrino mass. This bound was improved in [65]:
|ε1| . εDIβ(mminν , m˜1) , (3.34)
where the function β is roughly given by:
β(mminν , m˜1) '
{
1−mminν /m˜1 if mminν  mmaxν√
1−mmin 2ν /m˜21 if mminν ' mmaxν
. (3.35)
In the above equation, the smallest light neutrino mass is compared to the rescaled decay rate,
m˜1 = 8pi
v2
M1
ΓN1 =
(
λ†λ
)
11
v2
M1
. (3.36)
The Davidson-Ibarra bound of eq.(3.33) has important consequences for leptogenesis, since it fixes
the mass scale of right-handed neutrinos. Indeed, given that the baryon asymmetry produced
by leptogenesis should at least match the observed one
YB ' 1.38× 10−3 η ε1 & Y obsB ' 8.7× 10−11 , (3.37)
M1 is lower bounded by:
M1 & 6.5× 108 GeV
(
1
η
)
×
(
YB
Y obsB
) (
matm
mmaxν −mminν
1
β(mminν , m˜1)
)
,
' 6.5× 108 GeV
(
1
η
)
. (3.38)
We will evaluate the efficiency factor η later; for the moment it is enough to say that η . 1. We
thus see that the RHn mass scale has to be far beyond the electroweak scale, and this has many
important implications.
One of them is that the seesaw mechanism is hardly testable (if even possible), since such a high
mass scale will (presumably) never be reached in laboratory experiments, and furthermore since
the low-energy effects of RHns are highly suppressed.
Another caveat emerges when leptogenesis is embedded in a supersymmetric (SUSY) framework,
and stems from the tension with gravitino over-production. We will discuss this issue in chapter
6, when studying leptogenesis in a SUSY-GUT framework.
3.3 Leptogenesis in the single flavour approximation 47
Basic framework of leptogenesis
After having discussed its different building-blocks, let us see how leptogenesis works in the single
flavour approximation 2.
For the sake of illustration, we first consider a very simplified scheme, where we only include the
leading terms at order O(λ4) that are decays and inverse-decays, and the on-shell contribution of
∆L = 2 scatterings [58], included for consistency. We then evaluate the efficiency of leptogenesis
in different washout regimes, and finally list the various processes which should be included in
leptogenesis.
The study of the evolution of the number densities nx(t) is found to be more tractable in terms
of comoving number densities, Yx = nx/s, since both the number density nx and the entropy
density s scale as T 3.
The final lepton asymmetry is evaluated by solving the set of Boltzmann equations (BEs) for YL
and YN , which drive their evolution:
dYN (z)
dz
= −D(z)K1 (YN (z)− Y eqN (z)) ,
dYL(z)
dz
= ε1D(z)K1 (YN (z)− Y eqN (z))−Wid(z)K1 YL(z) , (3.39)
and compare the comoving number densities to their equilibrium value Y eqX . In these equations,
the evolution parameter is z = M1/T and the decays D(z) and inverse decays Wid(z) reads:
D(z) = z
K1(z)
K2(z) ,
Wid(z) =
1
2
Y eqN
Y eq`
D(z) =
1
4
z3K1(z) , (3.40)
where Ki(z) are the modified Bessel function of the second kind. The lepton asymmetry produc-
tion term is ε1K1D(z), where ε1 is defined in eq.(3.29), and the parameter K1 reflects how fast
are decays compared to the Hubble expansion rate:
K1 =
Γ(N1)
H(M1)
=
m˜1
m∗
, (3.41)
alternatively defined in terms of the ratio of the effective neutrino mass m˜1, defined in eq.(3.36)
over the equilibrium neutrino mass m∗,
m∗ =
v2
MPl
√
256pi5 g∗
45
' 1.08 × 10−3 eV , (3.42)
where v ∼ 174 GeV is the SM Higgs vev, MPl ∼ 1.22 × 1019 GeV is the Planck mass, and
g∗ = 106.75 is the SM effective number of degrees of freedom at T  TEW . For K1  1 or
alternatively m˜  m∗, decays are in-equilibrium and lepton asymmetries are strongly washed
out, while for K1  1 or m˜ m∗, the asymmetries are weakly washed out, as decays are out of
2We use the labelling convention of [59] (D(z),K1, ...), upon which this section is inspired.
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equilibrium.
As for the equilibrium densities, even if a Maxwell-Boltzmann distribution is used for the evalu-
ation of the interaction rates, we correct them with a factor 3ζ(3)/4 ' 0.9, ζ being the Riemann
Zeta function, to match the latter with the high energy behaviour of a Fermi-Dirac distribu-
tion [66], so that Y eqN reads:
Y eqN (z) =
45
2pi4 g∗
3ζ(3)
4
z2K2(z) z1' 3.9× 10−3 . (3.43)
We see how the Sakharov's conditions are fulfilled in this leptogenesis scenario:
• Baryon number violation: in this case, if L was not violated during decays, we see that
starting from a vanishing YL no asymmetry could be generated.
• CP violation: ε1 6= 0 is mandatory.
• Departure from thermal equilibrium: it is clearly seen above that, if right-handed neutrinos
are in-equilibrium all along their evolution, the production term is null. Notice that this
last point is only satisfied if the contribution of on-shell RHns to ∆L = 2 scatterings has
been included.
Typical solutions of the set of eqs.(3.39) are depicted in fig.(3.2), for various values of K1, while
the CP asymmetry is arbitrarily set to ε1 = 10−6.
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Figure (3.2): Evolution of comoving number densities, solutions of eqs.(3.39), as functions of z = M1/T .
The grey dashed line represents Y eqN1 , the number density of N1 in thermal equilibrium, whereas the black
line stands for YN , the solution of the Boltzmann equation. In red (light grey) is depicted the lepton
asymmetry YL. For all these plots the CP asymmetry is taken equal to ε1 = 10−6, while the washout
parameter is K1 = 0.01(100) on the left (right).
These solutions exhibit a very different behaviour.
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3.4 Evaluation of the lepton asymmetry
This evaluation proceeds mainly in two parts, which correspond to the different contributions to
the final asymmetry.
We work in the thermal scenario of leptogenesis, hence before decaying, right-handed neutrinos
have to be produced. This thermalisation occurs due to scatterings/inverse decays of leptons
present in the thermal bath. During this first stage, an (anti-)asymmetry is created.
If K1  1, since decays and inverse decays are far in-equilibrium, the thermalisation of RHns
is fast and the latter reach thermal equilibrium at high temperatures. Conversely, if K1  1,
thermal equilibrium occurs late, as can be seen in fig.(3.2). In both cases, during this first stage
a lepton asymmetry is produced, which is ∝ ε1 YN .
Once thermal equilibrium is reached, the subsequent evolution of RHns and of the lepton asym-
metry also depends on K1. In the strong washout regime, K1  1, the fast decays maintain
YN close to its equilibrium value, whereas in the opposite weak washout regime K1  1, these
decays occur late, when RHns are far out of equilibrium. During this second stage, a lepton
asymmetry is produced, which may cancel out with the former one. This can be seen in fig.(3.2),
where the compensation between first and second stage asymmetry production is visible in the
peak occuring at z ∼ 30(1) for K1 = 0.01(100).
Finally, as the temperature decreases, as RHns become too diluted, together with the fact that
the different processes are freezing, the lepton asymmetry reaches its final value.
Let us evaluate this value in the two characteristic washout regimes.
Strong washout regime: K1  1
In the strong washout regime, the main contribution to the production of a lepton asymmetry
comes from the second stage, after RHns are thermalised, because thermalisation is fast when
inverse decays are far in-equilibrium. Thus, defining ∆N = YN − Y eqN , the fact that the fast
processes keep N close to its equilibrium abundance implies that:
∆N ′(z) = −K1D(z) ∆N(z)− Y eq ′N (z) ' 0 . (3.44)
The formal solution of eq.(3.39) for the lepton asymmetry then reads:
YL(z) = ε1
∫ z
0
dxK1D(x) ∆N(x) e−K1
R z
x Wid(y) dy , (3.45)
= −ε1
∫ z
0
dxY eq ′N (x) e
−K1
R z
x Wid(y) dy . (3.46)
We can rewrite the integrand of eq.(3.45) as
∫
e−f , with
f(x) = K1
∫ z
x
dyWid(y)− ln(Y eq ′N (x)) .
This integral is evaluated using a saddle point approximation, and gets its maximum for
K1
4
√
pi
2
x5/2 e−x ' 1 ,
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that is, for
x ' −5
2
ProductLog
[
−4K−2/51
5pi1/5
]
,
where ProductLog(z) is the Lambert W (z) function3. For K1 & 1, we find that the main
contribution is for z & 1, as x ∝ ln(K1). The lepton asymmetry in this strong washout regime
is then accurately given by
YL ' ε1
(
0.4
K1.161
)
Y eqN (zin) , (3.47)
and the efficiency factor is therefore
ηs = 0.4/K1.161 . (3.48)
Weak washout regime: K1  1
The regime of weak washout is depicted in the left panel of fig.(3.2). In this regime, since in-
verse decays are slow compared to the Hubble expansion rate, the right-handed neutrinos reach
thermal equilibrium at zeq  1. Once thermalised, RHns do not stay in thermal equilibrium,
but rather decay late.
These decays produce a lepton asymmetry that cancels out the one produced during thermalisa-
tion. However, since leptons have more time to participate in inverse reactions, this cancellation
is only partial, preventing YL = 0.
Let us evaluate the different contributions.
Before the Ns reach their thermal equilibrium abundance, Y eqN dominates over YN and so
Y ′N (z) ' K1D(z)Y eqN (z) ,
Y ′L(z) ' −ε1K1D(z)Y eqN (z)−Wid(z)K1 YL(z) . (3.49)
The lepton asymmetry is then given by
Y <L (z) ' −ε1K1
∫ z
0
dxD(x)Y eqN (x) e
−K1
R z
x dyWid(y) . (3.50)
Defining for convenience n0 = 135ζ(3)/8pi4g∗, such that D(x)Y
eq
N (x) = 4n0Wid(x), the lepton
asymmetry produced at z . zeq is
Y <L (z) ' −ε1 4n0
(
1− e−3pi8 K1
)
. (3.51)
For temperatures below Teq, YN dominates over Y
eq
N , in such a way that
Y ′N (z) = −K1D(z)YN (z)→ Y >N (z) = Y eqN (zeq) e−
K1
2
(z2−z2eq) . (3.52)
3The Lambert function has an accurate asymptotic expansion for z & 3: W (z) = ln(z)− ln(ln(z)) + ... [67].
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The equilibrium temperature is defined by YN (zeq) = Y
eq
N (zeq). Given that
Y <N (zeq) ' K1
∫ zeq
0
dxD(x)Y eqN (x) ' n0K1
α z3eq
3α+ z3eq
, (3.53)
where α = 3pi2 , and as Y
eq
N (zeq) = n0 z
2
eqK2(zeq) one immediately obtains zeq:
zeq = −32ProductLog
[
−22/3
(pi
3
)1/3
K
2/3
1
]
∝ ln(1/K1) .
The equilibrium is reached when YN = Y
eq
N , at zeq ∼ 10 in fig.(3.2).
We are now able to determine the final lepton asymmetry:
YL(z) = ε1
∫ z
0
dxD(x)
(
YN (x)− Y eqN (x)
)
e−K1
R z
x dyWid(y) ,
= ε1
[
−
∫ zeq
0
dxD(x)Y eqN (x)e
−K1
R z
x dyWid(y) +
∫ z
zeq
dxY ′N (x)
]
,
= ε1
[
−4n0
(
1− e−α4K1
)
− n0 αK1
]
YL ' ε1 × 1.3K21 Y eqN (zin) . (3.54)
As expected, we find that the lepton asymmetry is non-zero due to the washout of the lepton
asymmetry produced during thermalisation. The efficiency factor in the weak washout regime is
then
ηw = 1.3K21 . (3.55)
Global parametrisation
Finally, we can give a value of η for all washouts from a simple interpolation [58]:
η ' (η−1w + η−1s )−1 ' (0.8K−21 + 2.5K−1.161 )−1 . (3.56)
Resulting baryon asymmetry
As the Universe cools down, at T &M1/100, all processes are frozen and the lepton asymmetry
remains constant, until being partly converted by sphalerons into a baryon asymmetry. In the
single flavour approximation, one has [68]:
YB = − 8ng + 4nH14ng + 9nH YL , (3.57)
where ng = 3 is the number of fermion generations, and nH is the number of Higgs doublets in
the considered model (nH = 1 in the SM). Hence,
YB = −28/51YL ' −1.38 × 10−3 ε1 η . (3.58)
This has to be compared with the observed value Y obsB ' 8.7 × 10−11: assuming for example
ε1 = 10−6, K1 should lie between ∼ 0.15 and ∼ 15.
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3.5 Dependence on the initial conditions
In the thermal scenario, since right-handed neutrinos have to be produced by inverse decays, it
is clear that a minimal amount of washout is required.
Actually, had we assumed that initially RHn were already thermalised, or even that their abun-
dance was the dominant one, washout processes would not be required at all. These scenarios,
which we may call equilibrium [59] or dominant [58], assume that before leptogenesis occurs,
for T  Tlepto, some mechanism produces RHns. On the one hand these scenarios are model-
dependent, but on the other hand the constraints derived for the thermal scenario are weakened.
To illustrate this, we plot in fig. (3.3) the efficiency factor as a function of K1, for the different
scenarios, with YN (zin) = 0 in the thermal case, YN (zin) = Y
eq
N (zin) in the equilibrium one and
YN (zin) = 10Y
eq
N (zin) in the dominant scenario.
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Figure (3.3): Efficiency factor of leptogenesis assuming different initial conditions. In red (solid line)
the thermal scenario is plotted, while in long-dashed blue and short-dashed black, the equilibrium and
dominant scenarios are respectively represented.
We observe that in the two latter cases, the efficiency is maximal for a vanishing washout, with
maximum values ηeq ' 1 and ηdom ' 10, while in the thermal scenario a maximal efficiency is
reached for K1 ' 2, for which ηth ' 0.16.
We further notice that for K1 & 10, all scenarios yield the same efficiency: in a sense, the
strong washout regime is more robust since it does not depend on the thermal history of the
right-handed neutrinos [69].
3.6 Other processes
In the discussion above we only have included decays and inverse decays. But there are many
other processes to take into account, that strongly modify the previous results. Let us discuss
these terms.
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O(λ2) and O(λ4) processes
Decays and inverse decays are O(λ2), but no CP violation is possible at this order, and one
needs to include O(λ4) as discussed in the beginning of the chapter. At this order, in addition
to decays and inverse decays, 2− to− 2 scatterings mediated by N exchange should be included.
• s−channel N exchange: ∆L = 0 processes `αφ↔ `βφ and ∆L = 2 processes `αφ↔ `βφ.
• t− and u−channel N exchange: ∆L = 0 processes φφ ↔ `α`β and ∆L = 2 processes
φφ↔ `α`β .
We represent in fig.(3.4) the diagrams for the lepton number violating processes.
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Figure (3.4): Feynman diagrams of ∆L = 2 scatterings mediated by Nj , j = 1, 2, 3.
The s−channel receives contributions from on-shell RHns, with a corresponding rate γosN ∝
γD(λ)4. As the production term of the lepton asymmetry is ε1K1D(x) ∝ γD (λ)4, the resonant
s−channel contribution has to be included for consistency at lowest order, as we did before.
Then, when including ∆L = 2 scatterings, this should be carefully done in order to avoid
double counting, and the on-shell part has to be subtracted from the total ∆L = 2 interaction
rates [58, 59].
When off-shell ∆L = 2 processes are in-equilibrium, their late scatterings can spoil a successful
leptogenesis by dramatically washing out the lepton asymmetry. The term that potentially
washes out the lepton asymmetry is given at low temperature by [70]:
W∆L=2(z) ' 0.186
z2
(
M1
1010 GeV
)(
m
1 eV
)2
, (3.59)
where m2 = m21 +m
2
2 +m
3
3. However, for z & 15 this term is small compared to inverse decays
K1Wid, and can safely be neglected. Since at low temperature inverse decays read
K1Wid(z  1) ' K14
√
pi
2
z3/2 e−z , (3.60)
this condition somehow constrains M1 and K1 [71]:
M1
1014 GeV
. 0.1×K1 . (3.61)
If the relation above holds, we can neglect ∆L = 2 scatterings; on the other hand, if this
constraint is not satisfied, to prevent the lepton asymmetry from being washed out by these
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processes implies to upper-constraint the light neutrino mass scale, as we will see at the end of
the chapter.
∆L = 1 processes O(λ2h2t ) and O(λ4h2t )
Given the size of the top Yukawa coupling, processes involving htQ3Hu t
c
R should be included.
At O(λ2h2t ), these processes consist in 2 ↔ 2 Higgs mediated scatterings, both in s−channel
`N ↔ tQ3 and t−, u− channels `Q3 ↔ N t and ` t ↔ N Q3. These processes are represented
in fig.(3.5).
At this order in the couplings, three body decays and inverse decays N ↔ `Q3 t should also
ℓα
Ni
φ
Q3
t
ℓα Ni
φ
Q3 t
ℓα Ni
φ
t Q3
Figure (3.5): Feynman diagrams of neutrino-top quark scatterings.
be included. Actually, these processes are phase-space suppressed, and are not quantitatively
relevant [72], hence we will neglect them. The scattering processes violate lepton number by one
unit, and act as source term for heavy neutrino production and as damping term for the lepton
asymmetry.
The interesting feature of these scatterings is that at high temperature, contrary to decays and
inverse decays that, scaling as z2, are suppressed, the scatterings involving top quarks become
constant at high temperature. Thus, for z  1, thermalisation of RHns is significantly faster.
When evaluating the lepton asymmetry in the regime K1  1, we noted that YL 6= 0 only owing
to the partial washout due to inverse decays, and this dependence was illustrated in the fact
that YL ∝ K2. Including ∆L = 1 scatterings strongly modifies the situation, and the lepton
asymmetry now scales as YL ∝ K.
However, going to order O(λ4h2t ), CP is violated in ∆L = 1 scatterings, which then also act as
source terms for the lepton asymmetry. One then recovers the dependence of YL ∝ K2 in the
weak washout regime, as source and damping terms now similarly act and cancel each other at
order K.
It has been shown in [71, 73] that the CP asymmetry in scatterings is the same as in decays and
inverse decays. For consistency, 2↔ 3 scatterings should be included, but as for the three body
decays they are phase-space suppressed and do not quantitatively contribute in leptogenesis.
We illustrate the effect of top-quark scatterings in fig.(3.6), where we compare the lepton asym-
metry computed with and without the ∆L = 1 processes (included both in washout and in source
terms), in the regimes of weak and strong washout. When ∆L = 1 top scatterings are included,
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the Boltzmann equations for the comoving number densities are:
dYN (z)
dz
= −P (z)K1 (YN (z)− Y eqN (z)) ,
dYL(z)
dz
= ε1 P (z)K1 (YN (z)− Y eqN (z))−K1W (z)YL(z) , (3.62)
where the production and washout terms are defined by [59]:
P (z) = D(z) + 2Ss(z) + 4St(z) ,
W (z) = Wid(z)
(
1 +
1
D(z)
(
2Ss(z)
YN (z)
Y eqN (z)
+ 4St(z)
))
, (3.63)
where Ss and St represent the Higgs-mediated scatterings in the s− and t− channels. We refer
the reader to appendix B where these scatterings are discussed in more detail.
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Figure (3.6): Influence of neutrino-top quark scatterings on the baryon asymmetry. The dashed-red line
depicts the case in which scatterings are neglected, the green (light grey) line the case where scatterings
are included only as damping term, while the blue (dark grey) curve represents the case where scatterings
are added both as source and damping terms.
We clearly see the influence of scatterings in the plots: when one considers only the contribution
of scatterings to the washout, they prevent the cancellation of the lepton asymmetry produced
during thermalisation with the one generated in decays of the RHn, so that the final YL is ∝ K1
instead of being ∝ K21 . When the CP asymmetry in scatterings is included, we see that YL gets
suppressed as K21 .
Among ∆L = 1 scatterings, one should take into account scatterings involving Higgs bosons-U(1)
or SU(2) gauge bosons couplings [58, 73]. These scatterings behave similarly to the top-quark
scatterings, accelerating the thermalisation of right-handed neutrinos, and acting as a source and
damping terms for the lepton asymmetry. We neglect these terms in this thesis, even if they
are of the same order -or even larger than the top-quark scatterings-, as their inclusion does not
drastically modify the picture here drawn.
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3.7 Upper-bound on the light neutrino mass scale
The requirement that leptogenesis should explain the observed baryon asymmetry of the Universe
has led to a constraint on the light neutrino mass scale. Indeed, we have in the single flavour
approximation the (improved) Davidson-Ibarra bound on the CP asymmetry eqs.(3.33)-(3.34):
|ε1| . 316pi
M1(mmaxν −mminν )
v2
× β(mminν , m˜1) , (3.64)
which decreases as the light neutrinos become degenerate in mass. Indeed, for m1 ∼ m2 ∼ m3 ∼
m, and assuming M1 M2,M3, one has:
|ε1| . 332pi
M1 ∆m2atm
mv2
× β(mminν , m˜1) . (3.65)
In this quasi-degenerate case, m & matm  m∗, and as m1 . m˜1 . m3, we are in the strong
washout regime. Thus we can apply eq.(5.28) which tells us that YB ∝ 1/K, hence
YB ' −1.38× 10−3 ε1 η(m˜1) ∝ M1
m2
. (3.66)
In order to keep YB large enough, increasing the light neutrino mass scale could be compensated
by increasing RHn mass. On the other hand, one cannot increase M1 harmlessly.
There is a strong constraint coming from the requirement that off-shell ∆L = 2 scatterings do not
wash-out the lepton asymmetry. These scatterings are potentially dangerous at low temperature,
when other processes relevant in leptogenesis are already frozen. Their contribution is given in
this case by [70]
W∆L=2(z) ' 3× 0.186
z2
(
M1
1010 GeV
)( m
1 eV
)2
. (3.67)
This term implies a washout of the baryon (lepton) asymmetry, which then can be expressed as
YB = Y <B e
− 3×0.186
zB
“
M1
1010 GeV
”
( m1 eV )
2
, (3.68)
where Y <B is the would-be baryon asymmetry without ∆L = 2 scatterings of eq.(3.66). Max-
imising YB with respect to M1 and to the effective neutrino mass m˜, and then requiring that the
baryon asymmetry at least matches the observed value, the authors of [74, 59, 65] have derived
an upper-bound on the neutrino masses mi, i = 1, 2, 3:
mi . 0.12 eV . (3.69)
This bound on the light neutrino mass is certainly one of the most important phenomenological
implication of successful leptogenesis in the one flavour approximation.
However, we will see in chapter 5 that this bound will no longer hold when lepton flavours are
included.
Finally, let us remark that this strong bound only applies in the case the heavy neutrinos are
hierarchical. Indeed, as shown in [65], the DI bound, which is roughly
εDI ∼ M1Γj
M2j
× m3 −m1
m˜j
, (3.70)
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gets suppressed for two reasons. On the one hand, the second factor comes from the orthogonality
of the R matrix and explains the strong suppression of the CP asymmetry in the limit of
degenerate light neutrinos. On the other hand, the first term of eq.(3.70) implies a suppression of
the CP asymmetry when heavy neutrinos are very hierarchical. However, since we are interested
in the regime of degenerate light neutrinos, it might be more natural to suppose that the heavy
neutrinos are degenerate too, unless postulating accidental compensation between right-handed
neutrino masses and neutrino Yukawa couplings. When the RHns are close to the resonance,
both suppressions do not occur. The first one gets enhanced by a resonance factor, while the
second suppression does not occur due to the absence of an orthogonality relation. The author
of [65] have thus shown that in the single flavour approximation, the constraint eq.(3.69) can be
avoided. Nevertheless, we will show in chapter 5 that assuming hierarchical RHns (even a very
weak hierarchy), the inclusion of flavours relaxes the constraint eq.(3.69).
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Chapter 4
On the importance of lepton flavours
in leptogenesis
In the previous chapter we have studied leptogenesis in the one-flavour approximation, where one
deals with the total lepton asymmetry, which is the sum over lepton flavours L =
∑
α Lα. Right-
handed neutrinos decay into leptons and antileptons, and in this approximation one considers
that the lepton asymmetry produced evolves coherently, until being converted into a baryon
asymmetry through the B + L violating sphalerons.
However, lepton doublets interact also via the Yukawa term L ⊃ −hα `α φ eαR, which gives mass to
charged leptons after electroweak symmetry breaking. This interaction, if efficient, will decohere
the lepton doublet, by projecting it onto a flavour basis, in which case the electron, muon and
tau flavours can possibly be differentiated [78]- [75, 76].
If flavours are distinguishable, we should consider the asymmetry produced in each lepton flavour
direction, instead of the collective asymmetry, for which accidental cancellations are always
possible.
In this chapter, which is mostly based on the appendix of [75], we do not investigate the effects
of lepton flavours in leptogenesis. This study will be led in chapter 5 and 6, in the framework
of type I and type II seesaws, respectively. Here, we discuss how to handle flavoured lepton
asymmetries: how should the Boltzmann equations be modified, what are the good quantities to
consider, and especially under which conditions are flavours relevant in leptogenesis.
4.1 A toy model for flavoured Boltzmann equations
We want to derive the set of Boltzmann equations for lepton flavours. We could infer, given the
BE for the lepton asymmetry, the structure of these equations. However, in this approach, the
flavour structure, and more importantly, the relevance of flavour, may appear rather ambiguous.
We thus derive the BEs, looking at the evolution of the flavoured leptonic number density
operator
fαβ∆` = f
αβ
` − fαβ¯` = a†`αa`β − a
†
¯`
β
a¯`
α
, (4.1)
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where a†`α(a`α) and a
†
¯`
α
(a¯`
β
) are the particle and antiparticle number creation (annihilation) op-
erators, respectively. Actually, this number density operator is not truly the leptonic one, but
rather the leptonic doublet one, since lepton number is stored both in SU(2) doublets and sin-
glets. Moreover, as seen from eq.(4.1), fαβ∆` is a matrix in flavour space [77, 78].
A complete derivation of the BEs would require to also consider the Lorentz structure of the
different fields. Here, we just give an heuristic derivation based on simple quantum mechanics,
and reintroduce by hand at a later stage the Lorentzian structure. Nevertheless, such a treatment
enables us to determine the flavour structure of the BE, and furthermore to determine explicitely
which objects should be studied in flavoured leptogenesis.
The operators we introduce obey the same statistic that the fields they represent, namely anti-
commutation relations for the fermionic fields `:{
a`α , a
†
`β
}
= δαβ , {a`α , a`β} = 0 ,
{
a†`α , a
†
`β
}
= 0 , (4.2)
and similarly for the ecR and N1. The Higgs field obeys bosonic commutation relations:[
aφ, a
†
φ
]
= δαβ , [aφ, aφ] = 0 ,
[
a†φ, a
†
φ
]
= 0 . (4.3)
We first discuss the N1 − ` interaction. We only consider the interaction with the lightest right-
handed neutrino N1, droping the indice in N1. The interaction Hamiltonian can be written
as
HN = λρ1a
†
Naφa`ρ + λ
∗
ρ1aNa
†
φa
†
`ρ
. (4.4)
The evolution of the leptonic doublet number density is given by the perturbative expansion of
the Heisenberg equations of motion (we use here the expectation value instead of the operator):
∂fαβ`
∂t
= −
[
HN
[
HN , fαβ`
]]
,
= λα1λ
†
1ρ
(
fN (1 + fφ)(δρβ − fρβ` )− (1− fN )fφfρβ`
)
+
(
fN (1 + fφ)(δαρ − fαρ` )− (1− fN )fφfαρ`
)
λρ1λ
†
1β . (4.5)
In this expression, we define the RHn and Higgs distribution function as fN = a
†
NaN and
fφ = a
†
φaφ.
The first and third terms of this expression represent decays of right-handed neutrinos whereas
the second and fourth terms stand for the inverse decays. If we neglect Pauli blocking and Bose
enhancement factors (1± f), we can rewrite this expression as
∂fαβ`
∂t
= 2fN
(
λλ†
)
αβ
− fφ
{
f`,
(
λλ†
)}
αβ
. (4.6)
The evolution of the antileptonic number density is directly deduced from the previous one:
∂fαβ¯`
∂t
= 2fN
(
λλ†
)†
αβ
− fφ
{
f¯`,
(
λλ†
)†}
αβ
, (4.7)
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with
(
λλ†
)αβ = (λα1λ†1β). For simplicity, we have taken the Higgs field to be real1. We therefore
obtain the evolution of the leptonic doublet asymmetry
∂fαβ∆`
∂t
= 2fN
(
(λλ†)− (λλ†)†
)
αβ
− fφ
[{
f∆`,
(λλ†) + (λλ†)†
2
}αβ
+ 2
{
feq` ,
(λλ†)− (λλ†)†
2
}αβ]
, (4.8)
where we define the "equilibrium" leptonic number density
fαβ` + f
αβ
¯` = 2f
eq αβ
` . (4.9)
The first and third terms of eq.4.8 are nul at this order of expansion in the couplings. Forgetting
about it for a while, eq.4.8 can be further simplified if we assume that the Higgs fields are in
thermal equilibrium fφ = f
eq
φ , and use the equilibrium condition for decays f
eq
N = f
eq
φ f`, that,
once symmetrised, reads
feqN Aαβ = f
eq
φ
{
feq` ,
A
2
}αβ
. (4.10)
We thus obtain
∂fαβ∆`
∂t
= 2
(
fN − feqN
) (
(λλ†)− (λλ†)†
)
αβ
− feqφ
{
f∆`,
(λλ†) + (λλ†)†
2
}αβ
. (4.11)
The first term represents the production of a lepton asymmetry in the decays of N . Having only
made the expansion to second-order, no CP asymmetry can emerge, and the production term
is nul. However, if we introduce in the interaction Hamiltonian an effective coupling mimicking
the one obtained when calculating εCP , cf. eq.(3.29), that is
HN,eff ∼
∑
j,β
λ∗jαλ
∗
jβλ1β × g(xj)aNa†φa†`α +
∑
j,β
λjαλjβλ
∗
1β × g(xj)a†Naφa`α , (4.12)
we can obtain non-zero CP violation. Assuming this to be the case, and defining the washout
factorK1 =
∑
α |λα1|2 and the flavoured washout factors καβ = (λλ†)αβ , we rewrite the evolution
equation as:
∂fαβ∆`
∂t
= 2
(
fN − feqN
)
K1εαβ − feqφ {f∆`, κ}αβ . (4.13)
For the moment, we have only considered the neutrino Yukawa couplings, but we also have to
include the charged lepton Yukawa couplings, among which we will only consider the interaction
involving the tau Yukawa. Assuming that the process φ↔ `ττ cR is in-equilibrium, it contributes
to the interaction Hamiltonian as
Hτ = hρτa
†
φaτca`ρ + h
∗
ρτaφa
†
τca
†
`ρ
. (4.14)
1Had we considered the Higgs to be a complex scalar field, we would have obtained an asymmetry stored in
the Higgs degrees of freedom, which could be expressed in terms of the B/3 − Lα one, via a conversion matrix,
Cφ in [79, 76].
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In the basis where the charged Yukawa couplings are diagonal, hρτ = hτδρ τ , their contribution
to the lepton doublet asymmetry evolution can be written as:
∂fαβ∆`
∂t
= 2
(
fN − feqN
)
K1εαβ − feqφ {f∆`, κ}αβ
− |hτ |2
(
f∆τcf
eq
` + f
eq
τc f∆`
)αβ (δατ + δβτ ) , (4.15)
with f∆τc = fτc − fτ¯c and feqτc = (fτc + fτ¯c)/2.
Before moving further on, it is instructive to look at the equation for the equilibrium density
defined eq.(4.9). Neglecting the contribution from the interaction Hamiltonian HN , we find
∂feq αβ`
∂t
= 2|hτ |2 δατδβτ feqφ − |hτ |2feqτc
(
δατ f
eq τβ
` + f
eq ατ
` δτβ
)
. (4.16)
Here we took two flavours into account, which are labelled τ and µ for simplicity. We see that
neither the µµ component, nor the ττ one are affected by the charged Yukawa interactions, owing
to the equilibrium condition of the interaction rate, which is similar to eq.(4.10). On the other
hand, for the non-diagonal entries, we have
∂feq µτ`
∂t
= −|hτ |2feqτc feq µτ` , (4.17)
and similarly for feq τµ` .
We see that when the charged Yukawas are in-equilibrium, "equilibrium" densities of quantum-
correlations are exponentially damped [75], and do not affect the flavour-eigenstate "equilibrium"
densities. Therefore, we now write feq αβ` = f
eq
` δαβ .
4.2 Flavoured Boltzmann Equations
Eq.(4.15) above clearly shows the flavour structure that the Boltzmann equations should have.
Before discussing this, we make a few transformations in order to extrapolate this equation to
the comoving number density asymmetry, through the following "rough" procedure 2:
• we factorise the equilibrium distribution function, using for the last two terms the equilib-
rium conditions feqφ f
eq
` = f
eq
N and f
eq
τc f
eq
`τ = f
eq
φ ,
• we "sort of" integrate over the phase-space to work with number densities,
• we reintroduce the expansion of the Universe through
∂
∂t
→ d
dt
− 3H(T ) ,
2Had we kept the spinorial structure, all the steps indicated would have been rigorous. Since we are confident
on this point, we use a simple matching procedure for our equations. Following the different steps indicated does
allow us to identify the different terms without ambiguity.
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and change time to z = M1/T and number densities to comoving number densities. At
this point we get,
dY αβ∆`
dz
=
1
z sH(T )
(
εαβK1
[
neqN
Y eqN
]
(YN − Y eqN )−
[
neqN
Y eqN
Y eqN
Y eq`
]
1
2
{Y∆`, κ}αβ
)
− 1
z sH(T )
([
neqφ
Y eq`
]
|hτ |2
(
Y∆τc δαβ +
Y eqτc
Y eq`
Y αβ∆`
)
(δατ + δβτ )
)
.
The last step consists in "sort of" redefining the couplings in order to reintroduce the usual inter-
action rates. In an accurate calculation, the interaction rates naturally appear when integrating
over the phase-space.
Further using the fact that Y eqτc = Y
eq
` /2, we obtain the flavoured Boltzmann equations for the
comoving number densities:
dY αβ∆`
dz
= εαβK1D(z)(YN − Y eqN )−Wid(z)
1
2
{Y∆`, κ}αβ
− z
sH(M1)
γτ
Y eq`
(
2Y∆τc δαβ + Y
αβ
∆`
)(δατ + δβτ
2
)
, (4.18)
The last term represents the depletion of the lepton SU(2) doublet asymmetries by the charged
Yukawa interaction, with [25],[80]:
γα
neq`
' 10−2|hα|2T . (4.19)
When extrapolating from eq.(4.15) to the BE for comoving number densities, the matching with
the τ c interaction term may seem arbitrary. However, we can derive the evolution equation for
the τ c asymmetry [80], by looking at the evolution of the operator
f∆τc = a
†
τcaτc − a†τ¯caτ¯c . (4.20)
Doing so, and using the same matching procedure as before, we find
dY∆τc
dz
= − z
sH(M1)
2|hρ|2 (2Y∆τc + Y ττ∆` )
= − z
sH(M1)
γτ
Y eq`
(2Y∆τc + Y ττ∆` ) , (4.21)
hence justifying the quoted rate eq.(4.19).
Given the expression above we can now deduce the temperature regime for which lepton flavours
are relevant in leptogenesis.
We see that the interaction projecting lepton doublets onto the flavour space is in-equilibrium
if [75, 76]
z γα & H(M1) , (4.22)
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which provides a bound on the decaying right-handed neutrino mass. Evaluating the equilibrium
condition at the temperature for which the asymmetry will be mostly produced, T ∼ M1, this
bound reads:
M1 . 7× 1015h2α GeV , (4.23)
Therefore:
• τ -Yukawas are in-equilibrium if M1 . 1012 GeV,
• muon-Yukawas are in-equilibrium for M1 . 3× 109 GeV,
• electron-Yukawas are in-equilibrium for M1 . 6× 104 GeV.
However, thermal equilibrium does not guarantee that the lepton doublet is to be projected onto
flavour space [81]. Indeed, we see that the terms involving N − ` couplings in eq.(4.18) are
independent of the choice of the flavour basis, which is obviously not the case for the charged
Yukawa interactions. The condition for the flavour basis to be relevant is actually more stringent
than the equilibrium condition eq.(4.23). The processes decohering the lepton doublets have
to be faster than the processes which recohere lepton doublets at the time the asymmetry is
produced, that is [81, 82]
zγα
H(M1)
&W1(z) . (4.24)
Considering only inverse decays, and evaluating them at their maxima, z ' 2, one finds
M1 . 5× 1015 GeV h
2
α
καα
, (4.25)
where καα parametrises the individual washout of the flavour α. For the flavour τ , this constraint
reads:
M1 .
1012 GeV
κττ
. (4.26)
Under this constraint, flavours are fully relevant in leptogenesis. The situation where charged
Yukawas are in-equilibrium but not faster than recohering processes is more involved, and we
postpone its discussion until the end of the chapter.
4.3 Flavour structure
4.3.1 One flavour scheme
This case is encountered if M1 & 1012 GeV, and in this case none of the charged Yukawas are
in-equilibrium. It has been shown in [82] that by a rotation of lepton doublet states, one can
recover the BE of the one flavour case studied in the previous chapter, that is
dYN (z)
dz
= −D(z)K1
(
YN1(z)− Y eqN1(z)
)
,
dYL(z)
dz
= ε1D(z)K1
(
YN1(z)− Y eqN1(z)
)
−Wid(z)K1YL , (4.27)
with ε1 = Tr[ε]. For M1 & 1012 GeV, the results of the previous chapter hold.
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4.3.2 Two flavour scheme
Let us now consider the case where only the tau Yukawas are in equilibrium, that is 3×109 GeV .
M1 . 1012 GeV.
In this case, the tau flavour is distinguishable, but neither the muon nor the electron flavours
are. Hence, the lepton produced in N1 decays will be projected onto the tau direction, as well as
onto an orthogonal direction to that of the tau. This second direction is composed of the muon
and electron flavour directions that coherently mix, and which we will label L⊥ = Le + Lµ. We
have a two flavour regime (Lτ , L⊥) and in this case eq.(4.18) holds, with α = τ and β =⊥:
dYN (z)
dz
= −D(z)K1
(
YN1(z)− Y eqN1(z)
)
,
dY ⊥⊥∆` (z)
dz
= ε⊥⊥K1D(z)(YN (z)− Y eqN (z))−Wid(z)κ⊥⊥Y ⊥⊥∆` (z)
− Wid(z)12
(
κ⊥τY τ⊥∆` (z) + Y
⊥τ
∆` (z)κτ⊥
)
,
dY ⊥τ∆` (z)
dz
= ε⊥τK1D(z) (YN (z)− Y eqN (z))−Wid(z)Y ⊥τ∆` (z)
(
κ⊥⊥ + κττ
2
)
− κ⊥τ
(
Y ⊥⊥∆` (z) + Y
ττ
∆` (z)
2
)
− Dτ
2
Y ⊥τ∆` (z) ,
dY τ⊥∆` (z)
dz
=
dY ⊥τ∆` (z)
dz
(⊥↔ τ) ,
dY ττ∆` (z)
dz
=
dY ⊥⊥∆` (z)
dz
(⊥↔ τ)−Dτ (2Y∆τc(z) + Y ττ∆` (z)) . (4.28)
In these equations, the CP asymmetries ε⊥⊥ and ε⊥τ are defined by
ε⊥⊥ ≡ εee + εµµ ,
ε⊥τ ≡ εeτ + εµτ ,
and similar relations hold for the washout parameters κ. We also define for convenience
Dτ =
z
H(M1)
γτ
Y eq`
' 7× 10
15 GeV
M1
× h2τ '
7× 1011 GeV
M1
. (4.29)
Notice that, according to eq.(4.21), the Boltzmann equations for the τ diagonal entry can be
written:
dY ττ∆` (z)
dz
=
dY ⊥⊥∆` (z)
dz
(⊥↔ τ) + dY∆τc
dz
. (4.30)
Since the leptonic τ doublet `ττ interacts with right-handed neutrinos, its evolution equation
receives contributions from the interaction Hamiltonian HN , corresponding to an asymmetry
production and depletion. However, since `ττ also interacts with the right-handed singlet τ c, it
receives a further contribution from Hτ .
This is quite satisfactory, since we do not want to study the asymmetry stored in lepton doublets,
but the lepton asymmetry
Lα = L`α + LeαR = L`α − Leα cR , (4.31)
66 Importance of lepton flavours
which is stored in lepton doublets as well as in singlets [80].
The muon-Yukawas being out of equilibrium, the leptonic asymmetry Y`⊥ is not influenced by
any effect of this type: muon (or electron) isosinglet density is too far from thermal equilibrium
to disrupt the `⊥ propagation.
The off-diagonal terms are however sensitive to the τ c population, which acts as a damping term.
Furthermore, the term ∝ DτY αβ∆` exponentially drives the quantum-correlations to zero: when
the interactions involving charged Yukawa couplings of a given flavour are in-equilibrium, the
quantum correlations between this flavour and the orthogonal one(s) are exponentially damped,
and the flavours, being distinguishable, evolve separately. Notice that since we did not include
the free Hamiltonian H0 ∝ ωτ a†`τa`τ +w⊥ a
†
`⊥a`⊥ , the number densities are not liable to flavour
oscillations [75], which have been studied in detail in [82]. Actually these oscillations only affect
the quantum correlations by inducing a faster damping [82].
We illustrate this damping in fig.(4.1), were we depict the evolution of the different asymmetries
according to the set of Boltzmann equations in eqs.(4.21-4.28).
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Figure (4.1): Evolution of comoving number densities. The thick lines represent diagonal terms of the
flavoured Boltzmann equation, with Y ττL in blue (upper curve), Y
ττ
∆` in green (light grey) and Y
⊥⊥
∆` in
red (lower curve), respectively. The thin purple lines represent the quantum-correlations, i.e. the off-
diagonal terms when the charged Yukawas are in-equilibrium. The dashed line stands for Y ⊥τ∆` whereas
the dot-dashed one for Y τ⊥∆` . The input parameters have been chosen, so that the components are
distinguishable, with κ⊥,⊥ = κ⊥,τ = 0.1, κτ,⊥ = κτ,τ = 20 for the washout parameters and ε⊥,⊥ =
ε⊥,τ = 0.1× 10−6, ετ,⊥ = ετ,τ = 20× 10−6 for the CP asymmetries.
In these equations, we have chosen the washout parameters and CP asymmetries in order to
distinguish the different components. The effect of charged Yukawa interactions in damping
the quantum correlations is clear, hence in the temperature regime where these interactions are
in-equilibrium the off-diagonal terms can be safely neglected.
Furthermore, we plotted in this graph the leptonic doublet asymmetry Y ττ∆` (green-light grey) and
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the lepton asymmetry Y ττ∆L = Y
ττ
∆`−Y∆τc (blue-upper curve). We see that the singlet contribution
to the leptonic asymmetry accounts only for O(1), and thus, for now, we will neglect it on the
evolution of the asymmetries.
4.3.3 Three flavour scheme
If M1 . 3 × 109 GeV, then both muon and tau Yukawas are in equilibrium. These interactions
decohere the lepton doublet by projecting it onto a three flavour basis (Lτ , Lµ, Le). The muon
and electron flavours being now distinguishable, muonic and electronic quantum-correlations are
exponentially damped, and one is left with the set of Boltzmann equations for the lepton number
densities:
dY ααL (z)
dz
= εααK1D(z)
(
YN (z)− Y eqN (z)
)−Wid(z)καα Y ααL (z) , (4.32)
with α = e, µ, τ .
4.4 B − L conversion and the Baryon asymmetry
In the previous section we have derived the Boltzmann equations for the lepton asymmetries.
However, as explained in appendix A, sphalerons conserve B/3− Lα asymmetries [68], but not
the leptonic ones. Therefore, it is preferable to work with
Y∆α ≡ 13Y∆B − Y∆Lα , (4.33)
computed from the leptonic doublet asymmetries by
Y∆α =
∑
β
AαβY∆`β , (4.34)
where the sum is made over all flavours that were distinguishable during leptogenesis. Details
about the derivation of the entries of the conversion matrix Aαβ are given in the appendix B. This
relation is obtained by expressing the chemical potentials of the B/3−Lα asymmetries in terms
of the leptonic doublet ones, and it depends on the different processes that are in-equilibrium at
the temperature leptogenesis occurs [83, 84].
Since we do not consider B violating processes, the Boltzmann equations for YN and for the
B/3− Lα asymmetries are finally given by (dropping the redundant double indices):
dYN (z)
dz
= −D(z)K1
(
YN1(z)− Y eqN1(z)
)
,
dY∆α(z)
dz
= −εαK1D(z)
(
YN (z)− Y eqN (z)
)−W (z)κα∑
β
Aαβ Y∆β(z) . (4.35)
This set of equations is written here in all generality, and the expressions of the production term
D(z) and of the washout oneW (z) depend on the model, as well as the parameters which govern
these equations, κα, K1 and εα.
68 Importance of lepton flavours
Finally, B/3−Lα asymmetries are conserved, until they are converted by sphalerons. The baryon
asymmetry is then related to the individual asymmetries by:
YB = asph ×
∑
α
Y∆α , (4.36)
the sum being over the flavour that were distinguishable when leptogenesis occurs. The conver-
sion factor is asph ∼ 1/3, and its value also depends on the model, and on whether the sphalerons
freeze before or after the electroweak-phase transition [83, 84].
4.5 A remark on the full flavour regime
In section 4.3, when we discussed the flavour structure of the BEs, the criterion used for the
relevance of a given flavour in leptogenesis was presented eq.(4.23) and translates into having
the interactions involving charged lepton Yukawa couplings in-equilibrium, Γα & H(MN ).
However, as explained around eqs.(4.24)-(4.26), thermal equilibrium does not guarantee that the
lepton doublets will be projected onto the flavour basis. A more accurate constraint comes from
the requirement that the decohering rates γα are faster than any recohering interaction, either
the production term D(z) or the washout one W (z) [81]. Considering only inverse decays as
depletion reactions, and requiring that at least the interaction involving the charged tau Yukawa
couplings are in-equilibrium, a bound on M1 can be derived:
M1 .
1012 GeV
κα
(
hα
hτ
)2
. (4.37)
If this constraint is satisfied, then the flavours are fully relevant in leptogenesis.
Given the equilibrium condition for sphalerons, M1 . 1012 GeV, which is roughly the same than
the equilibrium condition for tau-Yukawas, we see that only in the strong washout regime is the
constraint of eq.(4.37) more stringent than the equilibrium condition eq.(4.23).
Let us consider a lepton doublet (asymmetry) produced in decays ofN1 at a temperature T ∼M1,
in the case where the tau-Yukawas are in-equilibrium. If during the caracteristic time for two
`−H − τ c interactions to happen, inverse decays have time to occur, the lepton doublet will not
be projected onto the flavour basis, and the faster the decays/inverse decays, the more coherently
the lepton doublet will evolve.
In such case, the lepton asymmetry should be computed by solving the set of BEs including
off-diagonal terms. As already stated, ref. [82] shows that by an appropriate redefinition of the
lepton doublets, corresponding to a rotation in flavour space (allowed since the N -interactions
are the `-labelling ones), one recovers the single flavour picture.
However, through this redefinition, couplings are also modified, and so the differences between
including or neglecting quantum correlations are less transparent. In order to study the validity
of the full flavour regime, we solve the sets of eqs.(4.28) with and without quantum correlations.
We depict in fig. (4.2) the effect of these correlations by showing a contour plot of the ratio
of the lepton doublet asymmetry for a given flavour computed with and without these terms,
4.5 A remark on the full flavour regime 69
Y with∆`αα/Y
without
∆`αα , allowing M1 to vary around the central value M1 = 10
12 GeV and the washout
parameter around K1 = 1. For simplicity, we have taken the CP asymmetries and the washout
parameters of the different flavours to be equal. One expects that if the condition of eq.(4.37) is
not satisfied, the damping of the quantum correlations will be inefficient and these off-diagonal
terms will significantly contribute to the lepton asymmetry (in fact, given our choice of param-
eters, in an equal amount). On the other hand, if eq.(4.37) holds, the quantum correlations will
be damped and the ratio is expected to approach unity.
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Figure (4.2): Contour plot of the ratio between the lepton doublet asymmetries computed with and
without quantum correlations. The black line stands for Y with∆`αα/Y
without
∆`αα = 1, whereas the blue, red,
green and purple lines represents deviation (from left to right) of 5%, 10%, 30% and 60%, respectively.
We see in fig.(4.2) that for M1 . 5 × 1011 GeV, the inclusion of quantum correlations modifies
the results up to 30%, while for M1 . 1011 GeV, the approximate eq.(4.35) gives very accurate
results, and so in that case quantum correlations can be safely neglected.
To conclude on the validity of eqs.(4.35) regarding a precise determination of the lepton asym-
metry, we can say that for M1 . 1011 GeV, the quantum correlations are effectively damped and
one can use eqs.(4.35). For 5 × 1011 GeV & M1 & 1011 GeV, the results are valid only up to
10%−30%, while forM1 & 5×1011 GeV, a precise computation does indeed require the inclusion
of quantum correlations. For heavier M1, the one flavour approximation is valid.
However, we stress that the results here presented have been derived in the Standard Model (plus
RHns). Had we considered a supersymmetric extension, the discussion would have been dramat-
ically different. Indeed, in SUSY extensions, the charged Yukawa couplings is now corrected by
the ratio of Higgs vevs, h2τ × (1 + tan2(β)), where tan(β) = vu/vd is the ratio of the SUSY Higgs
vevs. Hence for tan2(β)) & 3(10), the results are valid up to 10% for M1 . 1012(14) GeV, so
that forM1 . 1012 GeV, as required for sphalerons to be in-equilibrium, flavours are always fully
relevant in supersymmetric leptogenesis.
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In the following, we will neglect quantum correlations.
Chapter 5
On the role of lepton flavours
in type I leptogenesis
In this chapter we are going to study leptogenesis in the type I seesaw mechanism, were three
right-handed neutrinos are added to the SM model particle content in order to explain neutrino
masses. The Lagrangian contains the extra terms
L ⊃ −λαiN i `α φ− 12N iMiN
c
i + h.c. , (5.1)
which provide masses to neutrinos from the seesaw mechanism. These masses are not yet mea-
sured, but rather the differences of squared masses are deduced from the oscillations of neutrinos.
However, should we believe that leptogenesis is indeed the mechanism responsible for the ob-
served BAU, an upper bound on the light neutrino mass can be derived [74, 59, 65], mi . 0.12 eV,
a bound that may be soon tested.
On the other hand, the right-handed sector is experimentally unconstrained. This is one of the
gaps of leptogenesis that may be never filled in. Nevertheless, the Davidson-Ibarra bound [64]
constrains the right-handed neutrino mass scale to be above M1 & 109 GeV . Moreover, CP
violation in the leptonic sector -related to the CP phases of U and R- should be quantitatively
large enough so that CP asymmetry is larger than εCP & 10−7.
All these constraints have been derived in the single flavour picture, where one considers that
the lepton involved in the decays of the RHn evolves coherently after being produced. Nonethe-
less, we saw in the previous chapter that for M1 . 1011−12 GeV, not only are the interactions
involving charged lepton Yukawa couplings in-equilibrium, but their rate can also be faster than
recohering processes, the decays and inverse decays, in which case the flavours are relevant and
should be included for a precise computation of the baryon asymmetry obtained by leptogenesis.
This chapter, which is mostly based on [71] and [90], is organised as follows: firstly, we set up the
framework of flavoured leptogenesis and we qualitatively discuss how lepton flavours affect the
key-parameters of leptogenesis, namely the CP asymmetries and the washout factors. Secondly,
we evaluate the resulting baryon asymmetry produced by leptogenesis, and show how it differs
from the one-flavour picture provided in chapter 3. Finally, we consider the constraints derived
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for the low and high-energy parameters.
5.1 Flavoured leptogenesis
We first recall the various definitions and the framework of Boltzmann equations. We consider a
hierarchical spectrum for the right-handed neutrinos M1  M2,M3, and thus neglect contribu-
tions from the heavier neutrinos in the lepton asymmetry production. Indeed, since in this case
the leptons produced by N2,3 leptogenesis participate via inverse decays in the thermalisation of
N1, one can consider that the lepton asymmetry produced during N2,3 leptogenesis epoch will be
washed out. However, this assumption, if valid in the single approximation [85], is not strictly
justified when flavours are taken into account [86], as the lepton flavour content may differ for
the lepton involved in N2,3 leptogenesis and the one involved in N1 leptogenesis. This point will
be discussed in the following chapter; presently, we only consider the processes that involve N1.
The BEs for right-handed neutrinos N ≡ N1 and ∆α ≡ B/3−Lα asymmetry comoving number
densities are [71]:
dY eqN (z)
dz
= −K1 P (z)
(
YN (z)− Y eqN (z)
)
,
dY∆α(z)
dz
= −εαK1 P (z)
(
YN (z)− Y eqN (z)
)
+W (z)κα
∑
β
Aαβ Y∆β(z) , (5.2)
In these equations, individual washout parameters are given by
κα =
Γ(N → `φ)
H(M1)
= |λ1α|2 v
2
M1m∗
=
m˜α
m∗
, (5.3)
with the effective neutrino mass m˜α being given by
m˜α = |λ1α|2 v
2
M1
, (5.4)
and K1 =
∑
α κα. The other quantities have been defined in chapter 3, section 3.3. We never-
therless recall the BE for the lepton asymmetry in the single flavour picture:
dYL(z)
dz
= ε1K1 P (z)
(
YN (z)− Y eqN (z)
)−W (z)K1 YL(z) . (5.5)
The individual CP asymmetries εα are given by eq.(3.25):
εα =
1
8pi
∑
j 6=1
Im
{
λ∗αiλαj
(
λ†λ
)
ij
}
(λ†λ)ii
(f(xj) + g(xj)) , (5.6)
where
f(x) + g(x) =
√
x
(
2− x
1− x − (1 + x) log (1 +
1
x
)
)
. (5.7)
The total CP asymmetry is the sum of the individual ones ε1 =
∑
α εα.
The set of equations (5.2) governs the B − Lα asymmetry evolutions. As explained in the
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previous chapter, these B−Lα asymmetries are deduced from the leptonic doublet asymmetries,
by relating the chemical potentials of the B − Lα asymmetry to the ones of `α according to the
different processes that are in-equilibrium at the temperature at which leptogenesis occurs.
We saw that if M1 . 109 GeV, interactions involving muon and tau charged lepton Yukawa
couplings are in-equilibrium, and are potentially faster than decays and inverse decays, thus
projecting the lepton asymmetry onto a three flavour basis (Le, Lµ, Lτ ). Given that for T .
109 GeV, interactions involving charm, bottom and top quark Yukawa couplings are also in-
equilibrium, the conversion matrix A reads [71]:
A =
 −151/179 20/179 20/17925/358 −344/537 14/537
25/358 14/537 −344/537
 . (5.8)
One then has to solve the coupled BEs for those three distinguishable flavours. The BEs are
governed by individual CP asymmetries εα, α = e, µ, τ and individual washouts κα, α = e, µ, τ .
If the decaying RHn is heavier, with 109 GeV . M1 . 1012 GeV, then only tau Yukawas are
in-equilibrium (together with b, c, t quarks), so that the lepton asymmetry is projected onto the
tau direction (Lτ , ετ , κτ ) and onto an orthogonal direction in flavour space, which coherently
mixes electron and muon flavours (Lo, εo, κo) = (Le + Lµ, εe + εµ, κe + κµ).
In this two flavours scheme the A-matrix reads:
A =
(
−417/589 120/589
30/589 −390/589
)
. (5.9)
ForM1 & 1012 GeV, none of the charged lepton Yukawas are in-equilibrium, thus the one flavour
approximation holds and one solves the BE for (YB−L, ε1,K1).
Finally, the baryon asymmetry produced by sphalerons conversion is [68]:
YB =
12
37
∑
α
Y∆α , (5.10)
where the factor 12/37 is obtained in the SM, and the sum is made over the flavours which were
distinguishable when the asymmetries were produced.
In this chapter, similarly to chapter 3, we consider ∆L = 1 two-body decays and inverse de-
cays which act as source and damping terms, and whose expressions are given by eq.(3.40). We
further include ∆L = 1 2-to-2 scatterings involving the third generation of quark doublets and
top quark singlets, whose contribution to the washout term is given by [59]
Wscat(z) = 2Ss(z)
(
YN (z)
Y eqN (z)
)
+ 4St(z) , (5.11)
where the precise expression of these scatterings is given in appendix B. Finally the total washout
reads:
W (z) = Wid(z) +Wscat(z). (5.12)
74 Flavours in type I leptogenesis
Neutrino-top scatterings also contribute to the production of the lepton asymmetry, the CP
asymmetry in scatterings being equal to CP asymmetry in decays [73, 75]. The production term
is thus:
P (z) = D(z) + 2γs(z) + 4γt(z) . (5.13)
Furthermore, as we want to study the impact of lepton flavours in leptogenesis, M1 should not
be too heavy, M1 ≤ 1012 GeV. Therefore, as explained in chapter 3, for values of K1 between
0.01 and 100, we can safely neglect off-shell ∆L = 2 while the on-shell contribution is included.
5.2 Effect of lepton flavours in the type I seesaw
The key parameters for leptogenesis, which are the couplings of light neutrinos to the heavy
states λ and the mass of the right-handed neutrinos, are all we need to know to evaluate YB.
Going in the basis where charged leptons and RHns mass matrices are diagonal, we use the
Casas-Ibarra parametrisation [51] for the Yukawa couplings:
λiα =
(√
M.R.
√
m.U †
)
iα
, (5.14)
where the PMNS matrix U and the matrix R are defined in chapter 2, section 2.5.1. We recall
that the type I seesaw yet contains 15 independent degrees of freedom to fit a single observable:
the baryon asymmetry. Even though we cannot hope to determine the would-be high-energy
masses and mixings, we can nevertheless try to shed some light on the optimal regions of the
parameter space. Such a work has been done in the context of flavoured leptogenesis in [87], and
we do not carry here such a detailled analysis.
Using the above parametrisation, let us see how the inclusion of lepton flavours influence CP
asymmetries and washout factors.
5.2.1 CP asymmetry
Assuming a strong hierarchy in the heavy neutrino sector, and using the parametrisation of
eq.(5.14), eq.(5.6) can be recast into
εα = − 316pi
M1
v2
Im
{∑
β,ρm
1/2
β m
3/2
ρ U∗αβ UαρR1βR1ρ
}
∑
βmβ|R1β|2
. (5.15)
Summing over the lepton flavours, the total CP asymmetry in decays is found to be
ε1 = − 316pi
M1
v2
Im
{∑
βm
2
β R
2
1β
}
∑
βmβ|R1β|2
, (5.16)
no longer dependent on the low-energy phases of the PMNS matrix.However, these phases appear
with a factor ∝ m1/21,2 or m3/21,2 , and so are suppressed compared to the dominant term ∝ m23.
Thus we expect them to play a subdominant role in the general case of a complex R matrix, or
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if light neutrinos are very hierarchical. On the contrary, if CP is violated only in the low-energy
sector, i.e. if R is real, we see that whereas ε1 vanishes, individual CP asymmetries do not [71].
However it has been found that relying only on low-energy phases, a viable leptogenesis requires
a sizable amount of fine-tuning [88].
In general, the CP asymmetries will receive contribution from both high and low-energy sectors1.
An important point to notice is the modification of the Davidson-Ibarra bound on the CP
asymmetry. Indeed, in the one flavour approximation, when summing over lepton flavours and
assuming a strong hierarchy between right-handed neutrinos, the CP asymmetry is bounded by
εmax1 =
3
16pi
M1(m3 −m1)
v2
× β(m1, m˜1) . (5.17)
Hence, for degenerate neutrinos, m1 ' m3, and thus the CP asymmetry scales as m−11 .
When lepton flavours are included, the bound on individual CP asymmetries is modified. Indeed,
in the limit of hierarchical RHns, eq.(5.6) reads
εα ' 3M116pi v2
∑
β
Im
{
λα 1λβ 1
(
m†
)
αβ
}
(λ† λ)11
. (5.18)
Then, writting λα 1 = Φα λ˜α, where λ˜ = |λ| and Φ stands for the phase of λ, the above expression
reads
εα ' 3M116pi v2
1∑
ρ λ˜
2
ρ
∑
β
Im
{
ΦαΦβ
(
m†
)
αβ
}
λ˜α λ˜β , (5.19)
The washout factors are given by
K1 =
∑
α
κα =
∑
α
λ˜2α v
2
M1
. (5.20)
Using mαβ =
(
U∗dmU †
)
αβ
, and since
∑
k,β
mk λ˜β Im {ΦαΦβUαkUβ k} . max(m)
√∑
β
λ˜2β , (5.21)
we obtain that the individual CP asymmetries are bounded by [75]:
εα .
3
16pi
M1m3
v2
×
√
κα
K1
. (5.22)
This is an important result, since in the limit of degenerate light neutrinos, instead of scaling
as m−1 like the total CP asymmetry, individual CP asymmetries scale as m hence are not
suppressed. We study in fig.(5.1) the validity of the bound of eq.(5.70) by plotting εα/ε
max
α as
a function of m1. As this bound is derived assuming a strong hierarchy for the right-handed
neutrino masses, we plot εα/ε
max
α for different ratios Mi/Mj = r = 5, 50. We see that even for
r = 5, the bound on εα can be safely used.
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Figure (5.1): Scatter plot of εα/ε
max
α as a function of m1, for different ratios of heavy neutrino masses.
These plots have been obtained by a random scan of the parameter space, imposing the perturbativity
constraint λij <
√
4pi. M1 ranges from 109 GeV to 1011 GeV, and m1 from 10−4 eV to 1 eV, even if the
upper limit is already above the cosmological bound.
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Figure (5.2): Scatter plot of ε1 (left panel) and εα (right panel) as a function of the m1. M1 is set at
1010 GeV, and we take r = 100.
The different behaviour in the degenerate regime between the flavoured case and the single flavour
approach can be seen in fig.(5.2), where we display ε1 and εα as a function of m1.
In the degenerate regime when m1 & matm ' 5×10−2 eV, we clearly see that while the total CP
asymmetry is suppressed and scales as m−11 , such a suppression does not occur for individual
CP asymmetries. On the contrary, since in the degenerate regime εα ∝ m3 ' m1, the flavoured
asymmetries indeed increase with m1.
1cf. e.g. [89].
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5.2.2 Washout factors
Using the Casas-Ibarra parametrisation, we can rewrite the washout factors as
K1 =
∑
β
mβ
m∗
|R1β|2 ,
κα =
∑
β
mβ
m∗
|R1β U∗αβ|2 . (5.23)
Then, while the total washout parameter reads
K1 = k1|c3c2|2 + k2|c3s2|2 + k3|s3|2 , ki = mi/m∗ . (5.24)
The dependence of K1 on m3 being k3|s3|2, the dependence of, for instance, the electron-flavour
washout κe on m3 is given by k3 s
2
13|s3eiδ|2 and is very suppressed given the bound θ13 . 0.05.
Then, besides the fact that the individual washouts are smaller than their sum K1, one has in
general an interesting non-democracy of washout strengths. Indeed, it is possible that one flavour
is only weakly washed out while still having K1  1. Furthermore, due to the orthogonality
of the matrix R, we see that m˜1 is bounded from below by m1. In general such bounds on
m˜α do not exist. Then one can have m˜α . m1, which is particularly interesting in the strong
washout/degenerate regime.
In this sense, one somehow evades the constraint of the one-flavour picture, where the total
washout is upper bounded by K1 . 20× (ε1/5 × 10−6)0.86.
5.2.3 Qualitative picture
The rough picture of flavoured leptogenesis follows the same lines as the single flavour approxi-
mation. First, a thermalisation period during which a lepton asymmetry is produced in hollow.
Then, after RHns reach thermal equilibrium, decay processes wash-out the lepton asymmetry.
When the Universe has cooled down to about M1/100, the different processes are frozen, and
the lepton asymmetry remains constant until being converted by sphalerons.
The difference with respect to the single flavour approximation concerns how the different lepton
flavours are coupled to the decaying RHn, that is the rate at which they are produced or washed
out. We illustrate this difference in fig.(5.3), by plotting contours of the baryon asymmetry ob-
tained by solving the set of BEs in eqs.(5.2), normalised to the observed value Y obsB = 8.7×10−11,
in the case where flavours are included (left panel) or not (right panel). Leading to this plot
we did not use the seesaw formula for the Yukawa couplings, since then we do not control the
different washout parameters. Instead we uses the καs as input parameters, setting the CP
asymmetries to their maximal values. We further choose M1 = 1010 GeV, so that we work in a
two flavour scheme, and set for convenience m1 = 10−5 eV2.
In this figure we clearly see the influence of having included flavours. While in the single flavour
2Recall that m˜1 ≥ m1, hence for K1 = 10−2, m1 has to be lighter than the quoted value.
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Figure (5.3): Contour plot of Y numB /Y
obs
B , for κe+µ and κτ varying from 10
−2 to 102. The left (right)
panel represents the case with (without) flavours. The different contours stand for a ratio of 1, 2 and 4
and are respectively depicted in black, long-dashed red and dashed blue.
case the total washout is required to be 0.1 . K1 . 10, in the flavoured case we see that a total
washout K1 = κe+µ + κτ as large as 10− 50 is still possible, if one of the individual washouts is
close to its optimal value κα ' 3.
5.3 Evaluation of the baryon asymmetry
To begin with, we neglect the effects of the flavour conversion due to sphalerons [90], typically
O(0.1), which thus have a subdominant effect. These terms will be studied later on. The BEs
for the number density then reads:
dYN (z)
dz
= −K1 P (z) ∆N(z) ,
dY∆α(z)
dz
= −εαK1 P (z) ∆N(z)−W (z) κ˜α Y∆α(z) , (5.25)
where ∆N(x) = YN (x) − Y eqN (x) and we introduce κ˜α = −Aαα κα (recall that diagonal entries
of the conversion matrix A are negatives). The formal solution of this equation for the ∆α
asymmetry is
Y∆α(z) = −εαK1
∫ z
zin
dxP (x) ∆N(x) e−κ˜α
R z
x dyW (y) . (5.26)
As in the single flavour case, the ∆α asymmetry evolves differently according to the specific
washout regime.
All flavours in the strong washout regime
In the case where κα  1, YN (z) ' Y eqN (z), so that ∆N(x) = −Y eq ′N /K1 P (x) and
Y∆α ' εα
∫ z
zin
dxY eq ′N (x) e
−κ˜α
R z
x dyW (y) . (5.27)
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In this integral, since the main contribution to the asymmetry production comes from z & 1,
the scattering term in the washout can be neglected, and therefore we recover the result of the
one-flavour approximation, namely
Y∆α ' −εα ×
(
0.4
κ˜1.16α
)
Y eqN (zin) , (5.28)
with Y eqN (zin) ' 3.9× 10−3. The efficiency factor for the flavour α in the strong washout regime
is thus given by:
ηsα '
0.4
κ˜1.16α
. (5.29)
By summing over the flavours, the baryon asymmetry is found to be
YB = −1237
∑
α
εα
(
0.4
κ˜1.16α
)
Y eqN (zin) . (5.30)
This shows the difference with respect to the one-flavour approximation, for which the baryon
asymmetry in the strong washout regime is
Y 1fB ∝
∑
α εα
(
∑
α κα)
1.16 . (5.31)
If, for example, κ1 = 3 and κ2 = 7 (K1 = 10), then assuming equal CP asymmetries, the baryon
asymmetry in the flavoured case is ∼ 2.5 times the unflavoured one; for instance if κ1 = 1 and
κ2 = 14 (K1 = 15), then the enhancement is of one order of magnitude.
All flavours in the weak washout regime
In the case where κα  1 for all distinguishable flavours, when ∆L = 1 scatterings are included
in both source and damping terms, one expects the B−L asymmetry to scale as K1 κα. Indeed,
during the first stage of RHn thermalisation, an (anti-)asymmetry is produced, which is propor-
tional to εαK1, and is latter washed out by decays of the RHn. However, since this asymmetry
undergoes washout processes that are ∝ κα, the surviving part is ∝ K1κα.
The evaluation of Y∆α follows the same lines as in the single flavour case, where one distinguishes
anti-asymmetry production for z . zeq during thermalisation of the N , and the asymmetry pro-
duction at z & zeq that cancels out with the former one:
Y∆α(z) = −εα
∫ z
0
dxK1 P (x) ∆N(x)e−κ˜α
R z
x dyW (y)
' εα
(
K1
∫ zeq
0
dxP (x)Y eqN (x)e
−κ˜α
R z
x dyW (y) +
∫ z
zeq
dxY ′N (x)e
−κ˜α
R z
x dyW (y)
)
.(5.32)
The first term represents the asymmetry produced in hollow during N thermalisation. Its eval-
uation is simplified using the approximate expression for the source term [59]:
P (z) ' Ks
K1
+ z , Ks =
9m2t
8pi2 v2
K1 (5.33)
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where Ks ' 0.1K1 parametrises the strength of the ∆L = 1 scatterings. In this weak washout
case, at high temperatures RHn are far below their thermal equilibrium, YN (z . zeq) 
Y eqN (z . zeq), and so a similar expression can be found for the damping term
W (z) = Wid(z)
(
1 +
β
z
)
, β ' 2Ks
3K1
+ 2 . (5.34)
The first term can be written as
Y∆α ' εα K1
κ˜α
4n0
∫ zeq
0
dx (κ˜αWid(x))
(
Ks
K1
+ x
)
e
−κ˜α
R zeq
x Wid(y)
“
1+β
y
”
dy
, (5.35)
where we note that
n0 =
1
2
Y eqN (z  1) =
135ζ(3)
8pi4 g∗
. (5.36)
The expression in eq.(5.35) can be further simplified since the leading contribution comes from
z ∼ 1, such that the source term in this weak washout regime reads D(z) + S(z) ' Ks/K1.
Given that ∫ ∞
x
dy y2K1(y) = x2K2(x) (5.37)
with x2K2(x) ' 2 for x . 1, and using the fact that∫ ∞
0
dy y3K1(y) =
3pi
2
≡ α˜ , (5.38)
one obtains the antisymmetry production during thermalisation:
Y <∆α ' εα
K1
κ˜α
4n0
Ks
K1
(
1− e− κ˜α4 α˜
)
e−
κ˜α
4
2β . (5.39)
For z & zeq, when RHns dominate over their equilibrium abundance, and since the washout
terms can be neglected, the asymmetry produced in the decay can be writen as:
Y >∆α = −εα
∫ z
zeq
K1 P (x)YN (x)
' εα
∫ z
zeq
Y ′N (x) ' −εα n0
Ks
K1
α˜ . (5.40)
Adding the two contributions, the B − L asymmetry is given in the weak washout regime by
Y∆α = Y <∆α + Y
>
∆α
' −εα × (3.7K1 κ˜α)Y eqN (zin) . (5.41)
In this weak washout regime, the efficiency factor is therefore found to be:
ηwα ' 3.7K1 κ˜α . (5.42)
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Finally, the baryon asymmetry in this case is
YB = −1237
∑
α
εα × (3.7K1 κ˜α)Y eqN (zin) , (5.43)
clearly differing from the baryon asymmetry evaluated in the one flavour case:
Y 1fB ∝ −
(∑
α
εα
)
×K1
(∑
α
κα
)
Y eqN (zin) . (5.44)
In the regime of weak washout, the inclusion of lepton flavours is found to lower the baryon
asymmetry when compared to the unflavoured case.
Mixed regime: some flavours weakly washed out, but K1  1
This case does not correspond to any of the cases encountered in the single flavour picture.
We assume that one flavour, labelled β, is only weakly washed out with κβ  1, while the total
washout is strong since all other κα  1, α 6= β.
This case has the interesting feature of combining the fast RHn thermalisation, owing to strong
inverse decays or scatterings, and which typically ensure a copious asymmetry production, with
the fact that the flavour β, being only weakly washed out, is somewhat protected from the strong
washouts of the fast RHn decays. Let us see this in detail.
During the first stage of thermalisation, one has
Y < ′∆β (z) ' εβ Y ′N (z)− κ˜βW (z)Y∆β(z) . (5.45)
This gives a contribution
Y <∆β ' εβ
∫ zeq
0
dxY ′N (x) e
−κ˜β
R zeq
x dyW (y) . (5.46)
As κ˜β  1 and the RHns reach thermal equilibrium at high temperatures, in this integral we
can approximate e−κ˜β
R
W ' 1− κ˜β
∫
W , such that
Y <∆β ' εβYN (zw)− εβ κ˜β
(∫ zw
0
dxYN (x)
∫ zw
x
dyW (y)
)
, (5.47)
where zw reflects the temperature below which the washout cannot be neglected with zw & 1.
Therefore, in a second stage, for z & zw, one has
Y ′∆β(z) ' εβ Y ′N (z)→ Y >∆β ' −εβ YN (zw) . (5.48)
Adding the two contributions gives:
Y∆β = Y <∆β + Y
>
∆β ' −εβ κ˜β
(∫ zw
0
dxYN (x)
∫ zw
x
dyW (y)
)
. (5.49)
The washouts freeze after they reach their maxima, which is evaluated to occur at zw ' 2.4, and
for which the above integrand is ' 0.4Y eqN (zin). Therefore, the B − L asymmetry in the flavour
β is given by
Y∆β ' −εβ 0.4 κ˜β Y eqN (zin) , (5.50)
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hence ηmβ ' 0.4 κ˜β . For the flavour(s) α which is (are) strongly washed out, the result eq.(5.28)
still holds.
Global parametrisation
Similarly to the global parametrisation in the single flavour picture, by means of a simple inter-
polation we can infer the efficiency factor for all washout regimes
η ' (η−1w + η−1s )−1 , (5.51)
which provides a good idea of the result, even if some fine-tuning is still required in order to best
fit the numerical results. As an illustrative example, we consider a two-flavour case, Y∆α − Y∆β .
We plot in fig.(5.4) the efficiency factor for flavour β, whose washout parameter varies from 10−4
to 102, while fixing κα = 100. Hence, the total washout is strong, and eqs.(5.28,5.50) apply.
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Figure (5.4): Individual efficiency factor ηβ as a function of the corresponding washout κβ . We impose
that the other flavour is strongly washed-out, with κα = 100. The black points represent the numerical
results, while the red line stands for the approximate formulae given in eqs.(5.28,5.50).
We observe a good agreement between the formulae derived and the numerical results. However
if we allow the washout of flavour α to vary, setting for example κα = κβ , we see in fig.(5.5)
that the formula of eq.(5.41), which is depicted in blue, is accurate only for κ . 0.05. For
κ & 0.01, some fine-tuning of eq.(5.41) is preferable to best fit the result. In the plot of fig.(5.5),
we represent in a red dashed line the formula
ηβ ' 1(
(1.3K1 κ0.7β )
−0.4 + (0.4κ−1.16β )−0.4
)1/0.4 , (5.52)
which gives an accurate result for κβ & 0.01. However, this is an important fine-tuning of the
parameters, and can be thus disregarded.
5.3.1 Thermal initial population
The evaluation of the efficiency factor in the equilibrium scenario is very similar to the one
flavour case [69]. Indeed, we saw in chapter 3 that in this scenario, washout is not necessary to
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Figure (5.5): Individual efficiency factor ηβ as a function of the corresponding washout κβ , in the case
where the washout of the other flavours also varies, with κα = κβ . The black points represent the
numerical results, while the blue line stands for the approximate formulae given in eqs.(5.28,5.41). The
dashed red line represents the fit of eq.(5.52).
produce a population of RHns. Nevertheless, for the sake of illustration, we represent in fig.(5.6)
the eficiency factor for a given flavour, in the thermal case (dashed-blue) and in the case where
the Ns are initially in thermal equilibrium.
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Figure (5.6): Efficiency factor of a given flavour β, in the thermal case (dashed blue) and in the case
where the N are initially in thermal equilibrium (red).
In the case where all flavours are weakly washed out,
Y∆α(z) = εα
∫ z
zin
dxY ′N (x)e
−κ˜α
R z
x dyW (y) , (5.53)
the exponential term can be neglected, and given that YN (zin) = Y
eq
N (zin) one simply has
Y∆α ' −εα Y eqN (zin) , (5.54)
resulting in a maximal efficiency factor η = 1.
On the other hand, when all flavours are strongly washed-out, decays maintain RHns in ther-
mal equilibrium. Therefore, similarly to the thermal case, one can neglect high temperature
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contribution, and so
Y∆α(z) = εα
∫ z
zin
dxY ′N (x) e
−κ˜α
R z
x dyW (y)
' εα
∫ z
zin
dxY eq′N (x )e
−κ˜α
R z
x dyW (y)
' εα n0 4
κ˜α
∫ z
zin
dx κ˜αW (x) e−κ˜α
R z
x dyW (y) . (5.55)
The B − L asymmetry is equal to the one derived for the thermal case:
Y∆α ' −εα 0.4
κ˜1.16α
× Y eqN (zin) . (5.56)
We see that the strong washout regime provides a similar dependence on the washout factor,
regardless of the thermal history of the RHns. This, together with the fact that the atmospheric
and solar neutrino masses point towards the strong washout regime,
m˜ ' msol → κ ' 8 ,
m˜ ' matm → κ ' 45 , (5.57)
indicates that the strong washout regime is a more robust and reliable regime.
5.3.2 Influence of the off-diagonal terms of the A matrix
So far we have only included the dominant terms which are the diagonal entries of the matrix
A, since the off-diagonal terms are O(0.1). Nonetheless, it is worth studying them.
When considering the dominant order, we saw that each flavour could be washed out very
differently. As the off-diagonal terms couple flavours among themselves, it is likely that a flavour,
being suppressed by either a very weak or a very strong washout, may nontheless provide a
non-negligible contribution to the final baryon asymmetry, having been pushed up by another
flavour.
The evaluation of this off-diagonal term has been done in [90], where we showed that while
preventing a complete washout of flavours in particular cases, the effect of the diagonal terms on
the baryon asymmetry is less than 20%. Here we illustrate these results.
The off-diagonal term contributes to the B − L asymmetry as:
Y od∆α(z) = κα
∑
β 6=α
Aαβ
∫ z
zin
dxW (x)Y∆β(x) e−κ˜α
R z
x dyW (y) , (5.58)
and so does not depend on the initial condition of the right-handed neutrinos. The evaluation
of the above integral is made difficult by the fact that it implies knowing the dynamic of the
individual flavours.
We thus make a few approximations. First, we neglect the off-diagonal terms entering in the BE
for the flavour β. This is quite justified, since its effect on the flavour α is A2αβ  1. Then we
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assume that Y∆β(z) ' Y∆β(∞) so that Y∆β is factorised out of the integral. We then obtain,
dropping out the sum on β:
Y od∆α ' καAαβ Y∆β
∫ ∞
zin
dxW (x) e−κ˜α
R∞
x dyW (y)
' Aαβ
Aαα
Y∆β
(
1− eκ˜αα) (5.59)
where
α =
∫ ∞
zin
dxW (x) ' 1.3 . (5.60)
Had we only included inverse decays, we would have obtained α = 3pi/8.
The relative factors Aαβ/Aαα strongly differ from one flavour to the other. For example, in a
two-flavour scheme, the relative factors are
Y nd∆eµ ' −0.3Y∆τ
(
1− e−κ˜eµα)
Y nd∆τ ' −0.08Y∆eµ
(
1− e−κ˜τα) . (5.61)
If κα  1, the off-diagonal term is about ∼ (Aαβ/Aαα) Y∆β , while if κα  1, this term is roughly
∼ (Aαβ/Aαα) Y∆β × κ˜αα.
The B − L flavour conversion is expected to have a significant impact in the case where one
flavour is very strongly or very weakly washed-out. Indeed, flavour conversion acts as a source
term for the asymmetry. Therefore in the former case, it partly compensates the washout from
RHns decays, and so we expect a small increase in the asymmetry. In the weak washout case,
this extra source term further cancels with the asymmetry produced during thermalisation. So,
in the weak washout case, one expects a depletion of the asymmetry.
We illustrate in fig.(5.7) the effect of including the off-diagonal terms on the efficiency factor.
We consider a two-flavour regime, with washout varying from 10−2 to 102 3. On the left hand
side, the CP asymmetries of the different flavours are chosen equal and arbitrary, while on the
right hand side the CP asymmetries are set to their maximum values, cf. eq.(5.70).
Looking only at washout effects (left panels), we see that, as expected, the flavour conversion
affects ∆α asymmetries mostly when κα  1 or  1. The fact that the flavour ∆eµ is (much)
more affected comes from the relative size of the matrix elements of A: Ae+µ,τ ' 0.2 = 4Aτ,e+µ.
When realistic values are used for the CP asymmetries (right panels), we see that the global
behaviour remains unchanged, albeit this further restricts the influence of the off-diagonal terms
to the case where
√
κα/K1 is not strongly suppressed.
What about the baryon asymmetry?
Individual asymmetries are affected by ±50%, and given that YB = 12/37
∑
α Y∆α, the baryon
asymmetry is affected up to 20%, YB being enhanced in the strong washout regime, and depleted
in the weak washout regime. This can be seen in fig.(5.8).
We see that the flavour conversion does not significantly modify the baryon asymmetry. However
3For simplicity, we set κe = 0 so that the washout of Y∆e+µ is κe+µ = κµ.
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Figure (5.7): Influence of the flavour conversion on the asymmetry in lepton flavours. The influence on
the flavour τ (e + µ) is displayed in the up (down) panel. The contours represent different ratios of
ηtotalα /η
diag
α , with either equal CP asymmetries ετ = εeµ (left panel) or else CP asymmetries set to their
maxima εα = εmaxα (right panel) . An increase in the efficiency is represented by solid lines, whereas the
dashed lines represent a reduction of η, with a colour code: black (±5%), red (±20%) and blue (±50%).
we notice that for some specific configurations, it prevents YB from vanishing: in the case where
εeµ+ετ = 0, and κ˜eµ = κ˜τ , without flavour conversion the baryon asymmetry is zero, while with
flavour conversion one has
YB ' 1237 (Y∆eµ + Y∆τ )
' 7× 10−2 Y d∆τ , (5.62)
which is non zero, even if compatibility with the observed baryon asymmetry may be hardly
obtained.
5.4 Constraints from a successful leptogenesis
We saw in chapter 3 that requiring a successful leptogenesis in the single flavour picture somewhat
constrains light and heavy neutrinos. It is mandatory that the decaying RHn is heavy enough,
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Figure (5.8): Influence of the flavour conversion on the baryon asymmetry. The contours represent
different values of the ratio Y totalB /Y
diag
B , the enhancement being depicted by solid lines and the reduction
by dashed lines, with the colour code: black (±5%), red (±10%), blue (±20%).
M1 & 2 × 109 GeV, and that light neutrino masses are lighter than ∼ 0.12 eV. Concerning
the different mixing angles and CP violating phases, the only generic constraint derived is
the necessity that the matrix R contains CP -odd phases, otherwise no CP asymmetry can be
generated.
Given the importance of this constraint, and the fact that the inclusion of lepton flavours strongly
modifies the key parameters of leptogenesis, it is interesting to investigate the possible influence
of lepton flavours on the above constraints.
5.4.1 Lower bound on heavy neutrino mass
Concerning the lower bound on RHn masses, the inclusion of lepton flavours is a mixed blessing.
On the one hand, when light neutrinos are (very) hierarchical, since the upper bound on the
CP asymmetry is roughly the same, we do not expect any important modifications to the lower
bound on M1. Actually, since individual CP asymmetries are roughly 1/3 of the total one, we
even expect in general a slight increase of Mmin1 . On the other hand, assuming hierarchical
RHns, when light neutrinos are (quasi) degenerate, we see that while ε1 becomes suppressed,
the CP asymmetries in each lepton flavour are in fact enhanced. In this degenerate limit, we
expect the lower bound on M1 to decrease. Let us see this in detail, for both the thermal and
the equilibrium RHn abundance scenarios.
From the bound on each individual CP asymmetry [75],
εα .
3M1mmax
16piv2
√
κα
K1
, (5.63)
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one has
|YB| ' 1.26× 10−3
∑
α
εα ηα
. 1.26× 10−3 3MN1 mmax
16piv2
∑
α
√
κα
κ
ηα , (5.64)
from which a lower bound on MN1 is derived,
MN1 & 7.1× 108 GeV
(
matm
mmax
) ∣∣∣∣ YBY obsB
∣∣∣∣ 1∑
α
√
κα
κ ηα
. (5.65)
Since the lower bound onM1 is inversely proportional to the efficiency ηα, it will therefore depend
on the thermal history of the decaying right-handed neutrino. In the case where N1 are produced
by scatterings, the efficiency is maximised for a washout κα ' 1, where ηα ' 0.2. In the case
where N1 are non-thermally produced, the efficiency reaches its mamximal value of 1 for a very
weak washout κα  1. The lower bound also depends on the alignment of flavours, and in the
case of democratic washouts one has [90]:
MN1 &
{
4.1× 108 GeV in the thermal case
2.5× 109 GeV in the dynamical case . (5.66)
This bound is close to the one derived in the one-flavour approximation, where MN1 & 4.2 ×
108 GeV in the thermal case and MN1 & 2.1× 109 GeV in the dynamical one [58].
The parameter spaceM1−m˜1 compatible with successful leptogenesis is shown in fig.(5.9), where
we represent the thermal scenario (up panels) and the case where the Ns are in thermal equi-
librium at high temperature (down panels), both in the flavoured case (right panels) and in the
single flavour approximation (left panels).
These scatter plots have been obtained by numerically solving the set of BEs, using the Casas-
Ibarra parametrisation for the neutrino Yukawa couplings. We choose a normal mass ordering for
both low and high energy sectors, setting the solar and atmospheric mass differences, together
with the corresponding mixing angles, to their best fit values, while θ13 . 13◦. For the light
neutrino mass, we impose the constraint m1 . 1 eV. We use as perturbative limit λ . 1, hence
the upper-bound on M1. The hierarchy for heavy neutrinos is imposed M3 = rM2 = r3M1, with
r = 10. The low-energy CP violating phases, as well as those of R, are not constrained.
We scan over 33000 random sets, and select the solutions satisfying 8.7 × 10−11 . YB .
2 × 8.7 × 10−11. When scanning over the different parameters, we tried to target the lower
part of the curve, with unequal success, hence the lower bound numerically differs from analyti-
cal estimates, by a factor 2− 3.
We clearly see in these plots the different behaviour regarding the washout.
In both scenarios, the transition between strong and weak washout rapidly occurs in the one
flavour case at m˜1 ' m∗, while this transition occurs at slightly higher m˜1 in the flavoured case,
due to the A < 1 matrix elements. Furthermore, we clearly see that washouts are necessary in
the thermal scenario, with m˜ & 10−4 eV or equivalently K1 & 0.1, while this is not the case in
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Figure (5.9): M1 − m˜1 parameter-space compatible with successful leptogenesis: bound on M1, in the
case of a zero (thermal) initial N1 abundance for the up (down) panels. The right (left) panels show the
allowed (M1-m˜1) parameter space in the case the lepton flavours are included (neglected). The vertical
lines represent the equilibrium mass m∗ ' 1.08 × 10−3 eV (dashed-black), the solar mass
√
∆m2sol '√
7.6 × 10−5 eV (in green) and the atmospheric mass
√
∆m2atm '
√
2.4 × 10−3 eV (in blue).
the equilibrium scenario.
Moreover, we see the important impact of lepton flavours in the limit of degenerate light neutri-
nos, with a re-opening of the parameter space. Accordingly, the lower bound on M1 is turned
down in this regime, with for example a diminution of one order of magnitude when m˜1 ' 0.1 eV.
Influence of ∆L = 2 and the "full flavour regime"
An important point to notice is that the above plot have been obtained neglecting ∆L = 2
scatterings, and assuming that the flavours were fully relevant in leptogenesis. These assumptions
are justified as long as
M1/1014 GeV . c1 0.1κα (5.67)
M1/1012 GeV . c2 κ−1α , (5.68)
respectively. Here c1,2 are numerical factors that are O(1).
If satisfied, eq.(5.68) implies that lepton flavours are fully relevant in leptogenesis as explained
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in chapter 4, while eq.(5.67) tells us that ∆L = 2 lepton violating scatterings can be safely
neglected.
We wonder about the robustness of the above discussion regarding these two constraints. On
the one hand, strengthening the constraint of eq.(5.67) reduces the M1 − m˜1 parameter-space
by increasing the minimal allowed washout, whereas on the other hand strengthening eq.(5.68)
lowers the upper bound on M1.
Figure (5.10): Influence of ∆L = 2 and of recohering processes, in the flavoured case (left) and unflavoured
case (right). In light red is depicted the case c = 10, whereas in dark red, light blue and dark blue are
represented the case c1 = c2 = c, with c = 1, c = 0.6 and c = 0.1, respectively.
In order to quantify this point, we illustrate in fig.(5.10) the M1 − m˜1 parameter-space which is
allowed by leptogenesis when the above constraints are included. These constraints are strength-
ened/weakened by modifying the factor c1,2: we thus vary c1 and c2 for the flavoured case, and
only c1 in the single flavour case. For simplicity, we took c1 = c2 = c, with c = 10 depicted
in light red, which would correspond to the case eqs.(5.67-5.68) are satisfied. In dark red is
depicted the case c = 1, in light blue c = 0.6 and in dark blue c = 0.1. We see how the allowed
parameter-space dramatically reduces when we strengthen the constraint.
Since the plots of figs.(5.9),(5.11) have been obtained assuming c = 0.8, we can say that the
conclusion of the previous (and following) section applies.
5.4.2 Upper bound on light neutrino mass
The reason why the light neutrino mass is bounded from above in the single flavour approximation
is twofold. First, in the one flavour approximation, when summing over lepton flavours and
assuming a strong hierarchy for the right-handed neutrinos, the CP asymmetry is bounded by
εmax1 =
3
16pi
M1(m3 −m1)
v2
× β(m1, m˜1) . (5.69)
Hence, for degenerate neutrinos, m1 ' m3 and the CP asymmetry scales as m−11 and is therefore
suppressed. This suppression could be compensated by increasing the heavy neutrino mass scale.
However, M1 cannot be increased harmlessly: ∆L = 2 washouts that are ∝ M1 must be out of
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equilibrium, which means that M1 is upper-constrained and so is mmin.
When lepton flavours are included in leptogenesis, the situation is drastically different, since
the flavoured CP asymmetries are no longer suppressed. Indeed, the upper-bound on the CP
asymmetry in a lepton flavour α reads
εα .
3
16pi
M1m3
v2
×
√
κα
K1
, (5.70)
no longer suppressed for degenerate light neutrinos. Therefore, the bound
m1 . 0.12 eV (5.71)
no longer holds. We can see this in the scatter plots of fig.(5.11), which have been obtained in a
similar way as the plots of fig.(5.9). It is clear how the inclusion of lepton flavours re-opens the
parameter space in the degenerate/strong-washout regime.
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Figure (5.11): Successful leptogenesis: M1-m1 parameter-space, in the case of a vanishing (equilibrium)
initial RHn abundance for the up (down) panels. The right (left) panels show the allowed (M1-m1)
parameter space for the flavoured (unflavoured) case. The vertical lines represent the equilibrium mass
m∗ ' 1.08 × 10−3 eV (dashed-black), the solar mass
√
∆m2sol '
√
7.6 × 10−5 eV (in green) and the
atmospheric mass
√
∆m2atm '
√
2.4 × 10−3 eV (in blue).
Working in the flavoured framework, the authors of [82] have derived an upper-bound on m1,
under the constraint that flavours are fully relevant in leptogenesis. However this bound roughly
reads m . 2 eV, which is already above the cosmological constraint on neutrino mass.
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5.4.3 Constraints on mixing angles and CP violating phases
Constraining the seesaw parameters from leptogenesis is an ambitious task that requires a sys-
tematic analysis of the different high energy phases. Such work has been attempted, both in the
the single flavour approximation e.g. in [91], as well as in flavoured picture [87, 88, 92]. Due to
the degeneracy among the parameters, even if favourable configurations have been identified, it
has not been possible to clearly constraint the parameters. Hence the necessity to tie the con-
straints coming from leptogenesis with other (non-)observations, such as lepton-flavour violating
processes [93]. But even then, high energy parameters would remain unconstrained, and only
most favourable parameter space regions could be determined.
5.5 Summary
In this chapter, we have studied the effects of lepton flavours in the type I seesaw model of
leptogenesis. Actually, the conclusions to which we are led are not particular to the type I
seesaw, but rather they are generic conclusions which may apply in all leptogenesis models,
under the constraint that at the time the asymmetry is created, the interactions involving the
charged lepton Yukawa couplings are in-equilibrium/faster than the coherent processes.
However, we made this study in the type I seesaw, and so let us summarise the results we derived
in this case.
In the flavoured treatment of leptogenesis, the individual asymmetries Y∆α are independently
produced and washed out. For example, the washout factor ∝ λ2 depends only on the coupling of
the lepton flavour to the right-handed neutrino. This coupling being in general different for the
distinct flavours, the latter are differently washed out. This non-alignment of lepton flavours is
particularly interesting in the strong washout regime K1  1, since it is possible to have flavours
which are only weakly washed out, allowing to somewhat escape the usual constraint that K1
should not be larger than ∼ 15. A similar effect is found for the CP asymmetries.
We showed that in the relevant temperature regime, the CP asymmetries in each lepton flavour
have to be considered, instead of the total CP asymmetry (summed over the flavours). This
has mainly two consequences. The first one comes from the fact that the εαs depend on the
low-energy CP violating phases of the PMNS mixing matrix. Therefore, one could ask, relying
only on this low-energy phases, whether or not leptogenesis could work. Such a study has been
done in [88], where it was shown that while leptogenesis is indeed possible in that case, there is
however no clear constraint on the seesaw parameters, owing to the unknown R-matrix elements.
It has been further shown, in [94], that leptogenesis is actually insensitive to these low-energy
phases, in the sense that for any values of the PMNS matrix, one can always find a configuration
of the R-matrix for which leptogenesis works.
The other consequences, which have a direct implication for the low energy phenomenology, stem
from the modification of the upper-bound on the εαs for hierarchical heavy neutrinos. Since the
CP asymmetries in lepton flavours are no longer suppressed in the limit of (quasi) degenerate
light-neutrinos, the upper-bound on this mass scale, which was derived in the single flavour
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picture, does not hold in the flavoured context.
We studied the lower-bound on the lightest right-handed neutrino mass, and showed that the
bound derived in the single flavour case is only slightly modified, and still sets the scale of
leptogenesis to be M1 & (2− 3) × 109 GeV.
Finally, we can say that while the inclusion of lepton flavours somewhat weakens the constraints
derived in the single flavour picture, it only significantly affects leptogenesis in the strong wash-
out regime. Furthermore, the inclusion of flavours does not provide any significant constraints on
either the high-energy CP violating sector, or the low-energy one. This comes from our complete
ignorance of the neutrino Yukawa couplings, which are not constrained in the SM type I seesaw.
However, this is not always the case, as we will see in the next chapter, where we consider a
grand-unified framework, where the latter couplings are theoretically predicted.
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Chapter 6
Leptogenesis in the type II seesaw
We saw in the previous chapter that leptogenesis in the type I seesaw can explain the observed
baryon asymmetry under the main constraint that the lightest right-handed neutrino is heavier
than ∼ 4 × 109 GeV. However, we also observed that while the low-energy sector is somehow
constrained by low-energy observations, we have failed to constrain the high-energy sector. This
lack of predictivity originates from our ignorance of the neutrino Yukawa couplings λ and the
masses and mixings of right-handed neutrinos. Indeed, in the SM, these masses are bare mass
terms, which are thus unconstrained.
In SO(10)-based grand unified theories, the RHns are no longer gauge singlets, and thus the
Majorana mass term can only arise from the dynamical breaking of an underlying symmetry.
Moreover, due to the unifying picture, the neutrino Yukawa couplings are related to the Yukawa
couplings of other field(s), and therefore one could think of a predictive GUT framework in which
to embed the type I seesaw.
However in SO(10)-GUT scenarios, the typical mass of the lightest RHn predicted by a type I
seesaw is M1 . 107 GeV, and so hardly compatible with thermal leptogenesis [95].
Nevertheless, we saw in chapter 2 that different realisations of the seesaw mechanism are possible.
In the (pure) type II seesaw [53], where one advocates the exchange of scalar SU(2)L triplets, a
mass term
mν ∼ vLfL (6.1)
is obtained, the smallness of mν being explained by the small vev of an SU(2)L triplet, vL  v.
Such a small vev could appear quite unnatural. On the contrary, for GUT models that are based
on SU(2)L × SU(2)R [96, 97], such a suppression appears very naturally, due to a seesaw-like
relation among the vevs of the different Higgs representations that the model contains.
In the type II seesaw1, light neutrino mass emerges from the neutrino couplings with fermion
singlets (the RHn) and SU(2)L triplets. Since these models contain two sources of lepton number
violation, it is interesting to look at the feasibility of leptogenesis.
1Here we label pure type II seesaw the case where only scalar triplets are added, and type II seesaw the case
where fermion singlets and scalar triplets are added.
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In this chapter, we investigate the viability of leptogenesis in a supersymmetric GUT model,
based on a Left-Right symmetric type II seesaw model. This study is based on [98], where
we complete the previous study of [99] by the inclusion of lepton flavours and heavier neutrino
effects. We first introduce the GUT framework in which this study is conducted, untill the type
II seesaw relation is obtained. Inverting this relation will allow us in a second time to infer the
high-energy parameters (right-handed neutrino masses and couplings...), using a reconstruction
procedure developped in [99]. The knowledge of neutrino Yukawa couplings and RHn masses
enables us to discuss the thermal scenario of leptogenesis in this SUSY-GUT framework. This
scenario has a priori important differences with respect to the type I scenario discussed in the
previous chapter, mainly coming from the gauging of SU(2)R, the inclusion of a scalar triplet and
the fact that we now work in a supersymmetric extension of the SM, with its inherent problems.
We finally conduct a numerical study of leptogenesis in this framework, discussing in particular
the influence of the key parameters of our model, and if the requirement of a viable leptogenesis
yields constraints for the parameter-space.
6.1 Framework
This supersymmetric GUT model is based on G3221 = SU(3) × SU(2)L × SU(2)R × U(1)B−L.
Our model consists of three 16 representation, which account for all SM fermions plus 3 right-
handed neutrinos. This 16, which is spinorial, is the smallest complex representation of SO(10).
Given the product decomposition under SO(10),
16× 16 = 10s + 120a + 126s , (6.2)
fermion bilinears can be formed by coupling this product to the appropriate Higgs representations,
either the symmetric 10s and 126s or the antisymmetric 120a. Another solution consists in
using non-renormalisable operators, which couple fermion bilinears to products of Higgses, whose
decompositions contain one of the representations above.
We consider here only symmetric representations, which consist in two fundamental 10's and a
rank 5 (complex anti-self dual) 126. The inclusion of a (self-dual) 126 is then necessary in order
to prevent supersymmetry breaking at the GUT scale by a non-vanishing D-term. Therefore,
the superpotential contains the following Yukawa couplings:
WY = Y uij 16i 16j 10u + Y
d
ij 16i 16j 10d + fij 16i 16j 126 . (6.3)
Due to the symmetry of the chosen Higgs representation, the couplings Y a,b and f are complex
symmetric matrices. Assuming that only the SU(2)L doublets of the 10s acquire a vev, the
relation above tells us that at the GUT scale
mu = mD , md = me . (6.4)
The GUT framework therefore constrains the neutrino Dirac type mass mD to be equal to the up
quark type mass mu. On the other hand, the relation md = me among down-quark and charged
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lepton masses is clearly not satisfactory [100], and we will correct it later on.
Under the Pati-Salam group SU(4)× SU(2)L × SU(2)R [96], the 126 decomposes as follows 2:
126 = (6,1,1) + (10,3,1) + (10,1,3) + (15,2,2) . (6.5)
In the type II seesaw, we assume that the two scalar triplets of 126, ∆L = (1,3,1,1) and
∆R = (1,1,3,−1) under G3221, respectively couple to light and heavy neutrinos, according to:
Lm = 12f
ij
L ∆L Li Lj +
1
2
f ijR ∆RN
c
i N
c
j + Y
u
ijLiHuN
c
j . (6.6)
A non-zero vev of the SU(2)R triplet then implies a Majorana mass for right-handed neutrinos,
whereas a vev for SU(2)L triplet implies a Majorana mass for the left-handed neutrinos.
We suppose here that the breaking of G3221 occurs due to ∆R, whose vev vR lies at an inter-
mediate scale between the GUT and the electroweak scales. This breaking leads to a Majorana
mass term of RHns, which violates B − L by two units.
After electroweak symmetry breaking, the light neutrino masses receive two contributions, one
coming from the type I seesaw [50]:
mIνij = −v2uλikM−1k λTkj = −
v2u
vR
λik f
−1
Rk λjk , (6.7)
where vu is the vev of the up-type Higgs doublet, vu = v sin(β), and one coming from the pure
type II seesaw [53]:
mIIν ij = vL f
ij
L . (6.8)
The smallness of the type I mass is obvious, since in this model the breaking of B − L occurs
far above the electroweak scale, vR  vu. Conversely, the smallness of pure type II contribution
comes from the suppression of the SU(2)L triplet vev.
For instance, this seesaw-like relation for vL can be obtained through the addition of a 54 dimen-
sional Higgs that couples both to the 10s and to the 126. The Higgs sector of the superpotential
contains
WH ⊃ ρ154 126 126 + ρ210 10 54 +M126126 126 + ..., (6.9)
where ρ1,2 are model-dependent couplings, the knowledge of which is beyond the scope of this
chapter. Since under G3221, the 54 contains a bi-triplet 54 ⊃ ∆54 = (1,3,3,0), it can couple
to the SU(2)L,R triplets of 126 and to the the product of two) Higgs bidoublets 10 ⊃ Φ =
(1,2,2,0), 10× 10 ⊃ (1,3,3,0), according to
WH ⊃ ρ1 ∆54 ∆R ∆L + ρ2Φ Φ ∆54 +M∆∆L∆R. (6.10)
Minimising the scalar potential with respect to vL, one obtains the seesaw relation for the SU(2)L
triplet vev:
vL ' −ρ1ρ2v
2vR
M2∆
 v , (6.11)
2For the different decomposition, see, for example, ref. [101].
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which ensures that the (pure) type II contribution to light neutrino mass is indeed suppressed.
In general, the superpotential contains many other terms (as indicated by the dots), which can
contribute to the above relation. Therefore, in general vL depends on many other couplings.
Nevertheless, we always have
vL =
v2u
M∆L
, (6.12)
M∆L being defined as a function of the relevant couplings.
Moreover, we assume here that G3221 is Left-Right (LR) symmetric [97], so that the Lagrangian
invariant under G3221 is also invariant under the SU(2)L ↔ SU(2)R exchange(
νL
eL
)
↔
(
N c
ec
)
, Φ↔ ΦT , ∆L ↔ ∆R . (6.13)
This LR symmetry enforces fL = fR ≡ f , leading to two important consequences:
• Firstly, the seesaw relation now reads [53]
mν =
v2u
M∆
f − v
2
L
vR
λ f−1 λ . (6.14)
Given the low-energy constraints on mν , and the GUT relation between the neutrino and
the up-quark Yukawa couplings, we can extract f .
• Secondly, the right-handed neutrino masses simply read
M = f vR , (6.15)
and so the knowledge of f from the seesaw relation in turn predicts the RHn spectrum,
a clear gain when compared to the non-GUT seesaw, where the RHn masses are put by
hand.
6.2 Inferring the unknown parameters
6.2.1 Inverting the seesaw
Starting from the seesaw relation of eq.(6.14), the authors of [99, 102] have developed a procedure
which allows to determine the properties of the complex symmetric matrix f , assuming the
knowledge of mν and λ. Here we summarise their results, which are the building-blocks of our
study [98]. Given the symmetry of λ, it is possible to find λ1/2 such that λ = λ1/2.λ1/2T . Hence
eq.(6.14) can be written
Y = αX + β X−1 (6.16)
where
Y = λ−1/2.mν .
(
λ−1/2
)T
, X = λ−1/2. f.
(
λ−1/2
)T
, (6.17)
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and
α = vL =
v2u
M∆
, β =
v2u
vR
. (6.18)
The complex symmetric matrix Y is then diagonalised by an orthogonal matrix OY , which also
diagonalises X:
diag(y1, y2, y3) = OTY .Y.OY
diag(x1, x2, x3) = OTY .X.OY . (6.19)
The equation (6.16) then leads to a second degree equation for the eigenvalues yi = αxi + βx−1i ,
which is easily solved:
x±i =
1
2α
(
yi ± sign(Re(yi))
√
y2i + 4αβ
)
. (6.20)
The couplings f are then given by:
f = λ1/2.X.
(
λ−1/2
)T
= λ1/2.OY .diag(x1, x2, x3).OTM .
(
λ−1/2
)T
. (6.21)
Finally, the masses of the RHns are obtained after the diagonalisation of f , through an unitary
matrix Uf
Mi = fi vR , fi =
(
U †f .f.U
∗
f
)
ii
, (6.22)
where the fis are positive, and by convention f1 ≤ f2 ≤ f3. The unitary matrix Uf relates the
basis where the right-handed neutrino mass matrix is diagonal to the basis where the coupling λ is
symmetric. We place ourselves in the former basis, which implies a redefinition of λnew = U †Fλ
old.
Since there are two possible choices for each eigenvalue xi, there are 8 different solutions for the
matrix f , that is for the right-handed neutrino spectrum. These 8 solutions (2n for n generations)
constitute the "eight-fold" ambiguity [99] of the LR symmetric seesaw mechanism: for one low-
energy spectrum, we have eight possible solutions, which can be distinguished through their
high-energy effects.
Behaviour of the different solutions
In the above relations, the contributions from the different seesaws are clear: β stands for the
type I contribution whereas α denotes the pure type II seesaw.
It is instructive to consider the asymptotic value 4αβ  |yi|2, since in this case the ± solutions
exhibit the different seesaw contributions:
x+i '
yi
α
, x−i ' −
β
yi
. (6.23)
The ” + ” solution corresponds to the dominance of the pure type II while ” − ” solutions
correspond to a dominance of the type I.
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The different solutions for f are labelled according to the constitutive x±i : for example (+,+,−)
refers to the solution built from (x+1 , x
+
2 , x
−
3 ). For the fis, in general one cannot clearly assess
which seesaw is the dominant one, apart from the f (+,+,+) which clearly tends, in the 4αβ  |yi|2
limit, towards a pure type II solution. Similarly, in this limit the f (−,−,−) solution approaches
the type I case.
However, we notice that from the asymptotic behaviour of the xis we can infer the evolution of
right-handed neutrino masses as a function of the B − L breaking scale vR.
Indeed, for the ” + ” solution, as x+i ' yi/α ∝ vR, one expects at high vR that the RHn mass
will continuously increase with vR. For the ” − ” solutions, since x−i ' −β/yi ∝ 1/vR, vR fi ∼
constant, and one expects that at high B − L breaking scale the ” − ” RHn masses will also
become constant. The value of this constant is of major importance for leptogenesis.
In the opposite asymptotic limit, 4αβ  |yi|2, we have
x±i ' ±sign(Re(yi))
√
β/α (6.24)
which shows that the type I and the pure type II somehow cancel each other in mν . Indeed, in
this case, one roughly has f ∼ λ√β/α and
mIIν '
√
αβλ ∼ mIν . (6.25)
In the intermediate regime, type I and II contributions are of the same order.
We are interested in the dependency of the different parameters on the B − L breaking scale.
Therefore, in the following, we fix the ratio
β
α
=
v2u
vR vL
=
M∆
vR
' 0.1 . (6.26)
In fact, depending on the different couplings, β/α(M∆) could be either larger or smaller than
1(vR). Its value roughly sets the relative importance of the different seesaw contributions to the
light neutrino masses. Modifying this value only accounts for a translation of the solution on the
vR axis. We choose β/α = 0.1 due to numerical instabilities encountered with β/α = 1 in the
high vR regime.
Fixing parameters
In the type I seesaw, we saw that there are 18 parameters among which only 4 are known. Let
us see how many parameters we have in our type II framework.
We place ourselves in the basis where charged lepton (and down-type quark) and RHn masses
(f) are diagonal. Then, using the GUT relation mD = mu, we have
λ = UTq .diag(yu, yc, yt).Uq (6.27)
mν = U∗` .diag(m1,m2,m3).U
†
` , (6.28)
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where yq
3 is the Yukawa coupling for the q-quark, and mi are light neutrino masses. The
unitary matrices Uq and U` are related to the CKM [103] and PMNS [34] mixing matrices. They
respectively read:
Uq = Pu.VCKM .Pd , (6.29)
U` = Pe.UPMNS .Pν . (6.30)
At the GUT scale, since quarks and leptons belong to the same 16 representation, they cannot
be independently rotated, hence the matrices Pk (k = u, ν, e, d).
However, at low energy Pe,d,u can be rotated away, while the matrix Pν contains the usual
Majorana CP violating phases. All these matrices contain 3 phases, among which two global
phases can be re-absorbed. We parametrise these matrices as follows:
Pk = diag(eiφ
k
1 , eiφ
k
2 , eiφ
k
3 ) , k = u, ν (6.31)
Pl = diag(eiφ
l
1 , eiφ
l
2 , 1) , k = e, d . (6.32)
Hence, at the GUT scale, we have 7 additional CP violating phases when compared to the type
I seesaw. This is a welcome feature regarding leptogenesis, even if these extra phases induce a
loss of the predictivity for our model.
The input values for the quark masses and for the CKM matrix at MZ have been taken from
Refs. [104] and [105], respectively, and subsequently evolved to the GUT scale using the Mathe-
matica package REAP [106] with an effective SUSY threshold MSUSY = 1 TeV and tanβ = 10.
The light neutrino mass spectrum has been assumed to be hierarchical, with m1 = 10−3 eV, and
the oscillation parameters have been set to the best fit values of [107], while keeping θ13 only
upper-constrained θ13 . 13◦. Renormalisation group effects induce a multiplicative factor for
the different Yukawa couplings: for the first two generations of quarks, renormalisation induces a
factor ∼ 0.41, the top quark Yukawa factor being ∼ 0.56, while the neutrino sector is multiplied
by a factor ∼ 1.08.
All in all, we are left with 17 "free" parameters: the light neutrino mass scale, the ordering of
the neutrino spectrum and the mixing angle θ13; we also have 10 free CP phases. The B − L
breaking scale can vary from ∼ 1012 GeV to 1016 GeV; however perturbativity of the couplings f
restricts this range: for the value α/β = 0.1 that we choose, from ∼ 1012 GeV to ∼ 5×1014 GeV.
Finally, there is another constraint coming from the reheating temperature, which we will discuss
later and which gives us another parameter, TRH which is allowed to lie between 109 GeV and
1011 GeV. Working in a supersymmetric framework, we have to fix the ratio of the low-energy
Higgs doublet vev vu/vd = tan(β). As already said, we choose here tan(β) = 10 as a represen-
tative value.
Considering the large number of parameters, and our limited computation ability, it is not feasi-
ble to scan over the full parameter range, but we instead fixed some of the parameters. We list
3In general, the Yukawa couplings we use are linear combinations of those of eq.(6.3), and their precise relation
is beyond the scope of this chapter.
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in the following table the usual values for the inputs that we used, distinguishing the parameters
which we usually vary from those whose value is fixed (NMO stands for neutrino mass ordering,
which is chosen normal ordered).
vR( GeV) TRH( GeV) mν1( eV) θ13 φ
u,ν
2
1012 − 5× 1014 5× 109 − 1011 GeV 10−5 − 10−1 0− 13◦ 0, pi/4 (6.33)
NMO β/α tan(β) φu,ν1,3 φ
e,d
1 φ
e,d
2
NH 0.1 10 0 0 0
(6.34)
Correcting the GUT relation me = md
Since the only source for the Dirac mass term is the SU(2)L doublet of the two 10 Higgses, we
have mu = mD and me = md. The latter relation is, strictly speaking, not a problem since the
Dirac-type mass of light neutrinos is unknown. However, the relation me = md is clearly wrong,
and must be improved.
A usual correction is to assume that the SU(2)L doublets of the 126 also acquire a vev at the
electroweak scale. Doing this, one thus obtains [100]:
md = vd10 λ
d + vd126 f ,
me = vd10 λ
d − 3 vd126 f ,
mu = vu10 λ
u + vu126 f ,
mν = vu10 λ
u − 3 vu126 f , (6.35)
such that the GUT relations for the masses are
mD = mu − 4 vu126 f ,
me = md − 4 vd126 f . (6.36)
Inserting the first relation in the seesaw formula, one could in principle invert it in the same way
as previously explained. However, the fact that me ∝ f renders the extraction of f a really hard
task.
We could assume that an anti-symmetric 120 does the job, but our model does not contain such
a representation. The remaining possibility is to invoke adjoint 45 representations which couple
to the 10 and create an effective 120, as can be seen from the following decomposition:
10× 45 = 10× 120× 320 . (6.37)
Neglecting the higher dimensional representation, we see that both the 10 and the 120 can
contribute to the fermion masses. However, the 10 equally contributes to leptons and quarks,
and so we neglect it (should it take a vev, a redefinition of λd would absorb it). Therefore, we
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need the 120 to acquire a vev. Among the different possibilities, the only products which leave
GSM invariant at the GUT scale after the 45 develops a vev are
L ⊃ Y1
Λ
(16× 16)|(1,2,2) × [(1,2,2)10 × (1,1,3)45]
+
Y2
Λ
(16× 16)|(15,2,2) × [(1,2,2)10 × (15,1,1)45] , (6.38)
where we wrote the decomposition under the Pati-Salam group SU(4)× SU(2)L × SU(2)R. We
see that the two terms contribute differently: the first one is ∝ (1,1,3)45, and so a vev in this
direction does not distinguish quarks from leptons. On the contrary, the second term, which is
∝ (15,1,1)45, clearly does.
Considering that only the latter term acquires a vev, at the GUT scale the relation me = md
can be corrected as:
me = vd
(
λd − 3vˆ15Λ Y2
)
, (6.39)
md = vd
(
λd +
vˆ15
Λ
Y2
)
, (6.40)
where vˆ15 vd = 〈(15,1,1)45〉. Once corrected, the masses of charged leptons and down type
quarks at the GUT scale are found to be:
md = 0.94 MeV ms = 17 MeV mb = 0.98 GeV ,
me = 0.346 MeV mµ = 73.0 MeV mτ = 1.25 GeV .
(6.41)
However, for a consistent correction of the relation me = md, since we only include one 45, we
should obtain that m2τ −m2b ∼ m2µ, which is not the case with the values above.
Nevertheless, supersymmetric threshold effects arising from the SUSY breaking sector (see, e.g.
[108] and references therein) allow to solve this problem. Indeed, at the tree level, the down
quarks couple only to one Higgs doublet, Hd, which is not the case for their scalar partner, given
that W ⊃ µHu.Hd + YdQ.HdDc. Once SUSY breaking terms are included, this will provide a
correction to the down quark masses, according to [108]:
mb → mb (1 + δmbtan(β)) , (6.42)
where
δm ' 2αs3pi
µM3
m2
b˜R
, (6.43)
which is evaluated to be δm . 2%. Once these corrections are added, the bottom quark mass
is mb(MGUT ) ' 1.17 GeV, which is just enough to fit me and md with the procedure discussed
before.
The two mass matrices differ me 6= md, and so we introduce a unitary matrix Um, the matrix
rotating from the basis where me is diagonal to the basis where md is diagonal:
me = mˆe → md = UTm.mˆd.Um . (6.44)
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The precise expression of Um is found after fitting the charged lepton and down quark masses,
and is given by
Um = eiφ
m
g
 e
iφm1 0 0
0 eiφ
m
2 0
0 0 1
V (θm12, θm13, θm23, δm)
 e
iφm3 0 0
0 eiφ
m
4 0
0 0 1
 . (6.45)
V is a CKM-like mixing matrix, with three real angles and one complex phase. The different
values we will use for the phases of Um are listed below, with the corresponding non-zero phases
of the matrices Pk.
Sets θm12 θ
m
13 θ23 δ
m φmg φ
m
1 φ
m
2 φ
m
3 φ
m
4 pi/4
1 1.07 0.22 0.21 5.80 3.21 4.37 5.86 0.87 6.16 φu2
2 1.07 0.22 0.21 5.80 3.21 4.37 5.86 0.87 6.16 φν2
3 0.17 0.066 0.29 0.23 3.14 0.54 0.015 6.27 0.0032 φu2
4 0.28 0.089 0.37 0.062 3.15 3.12 6.03 2.94 6.19 φu2
Perturbativity of the couplings
Now that we have been able to reconstruct the couplings f , let us see how they depend on the
B − L breaking scale.
First of all, given the asymptotic behaviour of the xis, we can say that among the different
solutions, the case (+,+,+) will reach the highest values of f , and so of M , while on the
contrary the case (−,−,−) will reach the lowest ones.
We thus plot in fig.(6.1) the evolution of the coupling fi for these two solutions, as a function of
the B − L breaking scale, also considering different values of the smallest light neutrino mass.
We assume here a normal mass ordering and put all phases φki and θ13 to zero; furthermore, we
neglect Um for the moment.
We observe that the coupling f becomes non-perturbative for vR & 1015 GeV. From now, we
therefore restrict ourselves to vR . 1015 GeV.
6.2.2 Right-handed neutrino spectrum
Let us study the right-handed neutrino spectra for the different solutions.
In fig.(6.2), we plot the masses Mi, i = 1, 2, 3 for the 8 solutions (±,±,±) as a function of
the B − L breaking scale vR. We choose m1 = 10−3 eV, the other parameters being fixed as
before. Qualitatively, we see that the different solutions behave as expected: (+,+,+) masses
continuously increase with vR, whereas (−,−,−) masses must reach a plateau.
Moreover, a ” − ” solution for xi entails that one of the masses reaches such a plateau. The
precise relation between x−i and the mass Mj which stabilises can be found in the appendix B
of [99].
Finally, we can classify the different solutions using the plateau argument, and group them in
four pairs, (±,+,+), (±,−,+), (±,+,−) and (±,−,−) as displayed in fig.(6.2).
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Figure (6.1): Evolution of the coupling f as a function of the B−L breaking scale vR for the case (+,+,+)
(up panels) and (−,−,−) (down panels), for different light-neutrino masses m1, with m1 = 0.1 eV, and
10−5 eV for the left and right panels, respectively. In green (upper-curves) we depict f3, in blue f2 and
in red f1.
• In the first pair (±,+,+), right-handed neutrino masses keep growing with increasing vR,
at least until f ∼ 1 is reached. For vR . 1014 GeV, we have M1 ≤ M2  M3. A priori,
one could think of N1 and N2 as potential candidate for leptogenesis.
• In the second case (±,−,+), the lowest RHn mass rapidly reaches a plateau, for vR &
1013 GeV. The constant value is M1 ' 109 GeV, closed to but still slightly below the type
I leptogenesis bound M1 . Mmin,I1 ∼ (2− 3) × 109 GeV. We notice that M1 ∼ M2 at low
vR. Here also, N1 and N2 are "leptogenesis-friendly", albeit M1 seems too light.
• The third pair (±,+,−) exhibits a very different mass pattern: above the B −L breaking
scale considered,M1 ' 105 GeV, whileM2 varies from 109 GeV to 1011 GeV for 1012 GeV .
vR . 1014 GeV. Thus N1 cannot be of any help for leptogenesis, while N2 clearly is.
• In the fourth type of solutions, (±,−,−) cases, both M1 and M2 reach a plateau. M1
stabilises around 105 GeV, and thus N1 is too light for leptogenesis, while N2, reaching a
constant mass value M2 'Mmin,I1 provides an interesting possibility.
Therefore, in the following, we will focus only on four typical solutions: (+,+,+) which cor-
responds to the pure type II in the high vR limit; (−,−,−) which conversely corresponds to
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Figure (6.2): Spectra of right-handed neutrinos resulting from the different solutions for f , as a function
of vR. The colour code is similar to fig.(6.1). The vertical dashed line represents the perturbative limit
for f , while the horizontal gray band denotes the lower bound on M , as derived in the type I seesaw (see
previous chapter).
the type I solution in the high vR limit; solutions (+,+,−) and (+,−,+), which are interesting
mixed type I-pure type II solutions.
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6.3 Leptogenesis
Now let us proceed to the analysis of leptogenesis in this scenario, which has already been widely
studied in the single flavour approximation [99], [109]- [115].
The sources of lepton number violation consist in interactions involving right-handed neutrinos
and scalar triplets. The former are found similar to the type I seesaw, except for the fact that
the RHns are no longer singlets, since they belong to an SU(2)R doublet. Thus they interact
with the additional gauge bosons, which may have consequences for leptogenesis.
Furthermore, the inclusion of SU(2)L ∆L triplets induces additional CP asymmetries, as we will
see below.
Before examining these points, a remark is in order, regarding the different right-handed neutrino
spectra discussed above.
In leptogenesis, it is customary to assume that the contributions of the heavier neutrinos are
negligible, since the asymmetries produced during N2,3 decays will be erased by the inverse
decays which produce N1. In our case, since M3  M2,M1, it is true that the asymmetry
produced during N3 decays will be washed-out by N1,2 processes. However, we see that in the
(±,±,−) cases, M1 is too small for leptogenesis, while M2 has potentially the good order of
magnitude. Hence when evaluating the produced baryon asymmetry, we must consider both N1
and N2 processes, while N3 ones can be disregarded.
6.3.1 Right-handed neutrinos as part of an SU(2)R doublet
Having gauged SU(2)R×U(1)B−L, our model contains four extra gauge bosons ∼ B′ ,W 0R,W 1,2R ,
which acquire mass when the SU(2)R Higgs triplet ∆R develops a vev. Right-handed neutrinos
are charged under G3221, N
c = (1, 1/2, 1, 1), and so they interact with the extra gauge bosons
through different processes [109, 112]:
• Decays of N into WR, either with on-shell WR via two-body decays when M1 & MWR , or
into off-shell WR via three-body decays, when M1 .MWR .
Ni e∓R
W±R
Figure (6.3): Two-body RHn decays.
• Gauge boson mediated scatterings: either (a) right-handed quark-lepton WR mediated
scatterings , through s− channel N eR ↔ uR dR, and t−, u− channels N dR ↔ eR uR
and N uR ↔ eR dR, or (b) lepton-lepton scatterings involving two Ns, via Z ′ mediated
scatterings in the s− channel N N c ↔ eR eR, and WR t−, u− channels eR eR ↔ N N and
eRNi ↔ Nj eR.
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Figure (6.4): Gauge bosons scatterings.
The decay channel ofN intoWR may affect leptogenesis by diluting the CP asymmetry generated
in RHn decays into leptons [116]. However, as M∆  M1 we can neglect this dilution. The
potential danger associated to these new interactions comes from scatterings, which tend to
keep right-handed neutrinos in-equilibrium with the thermal bath. Two cases may happen:
either Mi & MWR or M1 . MWR . It has been shown in [109] that in the former case no lepton
asymmetry can be generated, unlessMi & 1016 GeV when the scatterings eRW+R → N → eRW−R
become out of equilibrium. In the considered case, under the constraint vR . 1015 GeV, we do not
reach such high values for the Mi. However, since MWR ' gR vR/2 ' vR/3 and Mi = fivR, this
case may be only encountered in the (+,+,+) solution for the heaviest right-handed neutrino,
for vR ' 1015 GeV.
Thus the danger may only arise from the other case Mi . MWR , when scatterings mediated
by the extra gauge bosons force the RHns to be in thermal equilibrium, and so prevent the
third Sakharov condition from being satisfied. The condition for these scatterings to be out of
equilibrium is [109]
Mi . 9 × 1012 GeV ×
(
vR/1014 GeV
)4/3
, (6.46)
while the condition for the scatterings to be slower than ∆L = 1 scatterings is
Mi . 2× 1013Ki ×
( vR
1014 GeV
)2 ×(0.06( vR
Mi
)2
+ 1.15
)
, (6.47)
where Ki is the washout factor of the RHn Ni (see below).
These two conditions are fulfilled for both N1 and N2, for the B−L breaking scale we considered
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vR . 5×1014 GeV and for light neutrino masses m1 . 0.3 eV. Actually, this constraint may only
apply for heavy RHns, Mi & 1011 GeV, for which one encounters an even stronger constraint
which stems from the gravitino problem, as we will see hereafter. For that reason, we can safely
neglect the effect of the SU(2)R × U(1)B−L gauge bosons.
6.3.2 Scalar triplets in leptogenesis
Additional CP asymmetries
The first thing to notice is that ∆L contributes to the leptonic CP asymmetry in two different
ways [111]. Since ∆L couples to leptons and to the Higgs doublet, a CP asymmetry can be
generated during ∆L decays through the interference between the tree level ∆L → LiLj and the
vertex correction involving right-handed neutrinos, depicted in fig.(6.5).
∆cL
Hd
Hd
Nk
ℓi
ℓj
Figure (6.5): Vertex correction for ∆L decays.
These decays violate lepton number by two units. However, since we have M∆L ' vR/3, the
triplet is much heavier than the lightest RHn, M∆L M1. Therefore the asymmetry produced
during these decays will be washed out by the subsequent processes involving N2 and N1, and
so we can neglect all processes with on-shell ∆Ls.
The other possible contribution comes from the vertex correction of the right-handed neutrino
decay diagram, with an off-shell ∆L running in the loop:
Ni
ℓβ
H
∆L
H∗
ℓα
Figure (6.6): Additional CP asymmetry for the type II seesaw.
As the couplings of ∆L to lepton and Higgses are both complex, they induce a new interference
term with the tree level diagram N → `φ. The corresponding CP asymmetry in lepton flavours
reads [113, 117]:
εIIiα =
3
8pi
∑
k=1,3
Im
{
λik (m∗νII )kα λ
∗
iα
}
(λλ†)ii
Mi
vu
f II
((
M∆
Mi
)2)
, (6.48)
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where the loop function is given in the MSSM by [111, 113]:
f II(y) = x log
(
1 + x
x
)
x1−→ 1 . (6.49)
6.3.3 Supersymmetric leptogenesis
The supersymmetric version of thermal leptogenesis is not very different from the SM one [118,
58]. Indeed, given the energy scale considered, ∼Mi  1TeV, the soft SUSY breaking terms are
negligible, and the masses of fermions and sfermions are equal MN = MN˜ . Furthermore, from
the Yukawa couplings in the superpotential
W ⊃ λiαLα.HuN ci , (6.50)
Γ(Ni → `αHu) = Γ(Ni → ¯`αH∗u) = Γ(Ni → ˜`αH˜u) = Γ(Ni → ˜`∗α ¯˜Hu) =
Mi
16pi
|λiα|2 , (6.51)
Γ(N˜ ci → ¯`α ¯˜Hu) = Γ(N˜ ci → ˜`αHu) =
Mi
8pi
|λiα|2 . (6.52)
Supersymmetry implies the equality of the total decay widths, ΓNi = ΓfNci = Mi(λλ†)ii/4pi.
Hence a lepton asymmetry is created through decays of right-handed neutrinos N and (RH)
sneutrinos N˜ in an amount equal to that of the slepton asymmetry
εNi,Lα = εN˜ci,Lα = εNi,L˜α = εN˜ci,L˜α . (6.53)
The CP asymmetry generated in Ni decays is [61]:
εIiα =
1
8pi
∑
j 6=i
Im
{
λiα(λλ†)ijλ∗jα
}
(λλ†)ii
fI
((
Mj
Mi
)2)
. (6.54)
Since we have an additional scalar trilinear coupling L˜HuN˜
c, the vertex correction is modified
when compared to the SM case, as well as the self-energy correction, since twice more particles
are running in the loop. The type I correction thus reads in the MSSM [61]:
fI(x) =
√
x
(
2
1− x − log
(
1 + x
x
))
x1−→ − 3√
x
. (6.55)
As we saw in chapter 3, when RH neutrinos are almost degenerate, the self-energy correction
should be treated with care. As we can see in fig.(6.2), for example in the (+,−,+) at low vR,
we have such a (partial) degeneracy M1 ' M2. We therefore use for the CP asymmetry the
following formula [73]:
εIiα =
1
8pi
1
(λλ†)ii
∑
j 6=i
Im
{
λiαλ
∗
jα
[
(λλ†)ij(Cijv + 2C
ij
s,a) + 2 (λλ
†)jiC
ij
s,b
]}
, (6.56)
where Cijv is the vertex correction
Cijv = −
√
x log
(
1 + x
x
)
,
√
x =
Mj
Mi
, (6.57)
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the other term standing for the self-energy correction
Cijs,a =
√
xCijs,b =
√
x(1− x)
(1− x)2 + x (λλ†)2ij /16pi2
. (6.58)
In the limit of hierarchical RHns, x 1 and the terms Cs,b can be neglected, so that we recover
the non-resonant formula eq.(6.54).
Another difference in the supersymmetric version of leptogenesis, is the relation among chemical
potentials, from which we deduce the conversion between the lepton doublet asymmetry and the
B − Lα asymmetries,
YLα(z) =
∑
β
AαβY∆β . (6.59)
For M1 . 109 GeV × (1 + tanβ2) , tau- and muon-Yukawa couplings are in equilibrium, thus
the three flavoured asymmetries Y∆e,Y∆µ,Y∆τ are distinguishable. In the MSSM, the A matrix
is given by [88]:
A =
 −93/110 6/55 6/553/40 −19/30 1/30
3/40 1/30 −19/30
 . (6.60)
For M1 between 109 GeV × (1 + tanβ2) and 1012 GeV × (1 + tanβ2), only the tau-Yukawas
are in equilibrium, thus the lepton asymmetry is projected onto a 2 flavour-space (Y∆e+µ =
Y∆e+∆µ, Y∆τ ). The conversion L↔ B − L now reads:
A =
(
−541/761 152/761
46/761 −494/761
)
. (6.61)
Finally, if Mi is above 1012 × (1 + tanβ2) GeV, none of the interactions involving charged
lepton Yukawa couplings are in equilibrium, and we recover the flavour-independent treatment
of leptogenesis with A = −diag(1, 1, 1).
Finally, with two light Higgs doublets, the baryon asymmetry resulting from the fast B + L
violating processes is [83]:
YB =
10
31
∑
α
Y∆α . (6.62)
With our choice of tanβ = 10, the 3 flavour regime will generally apply, since in most of the
solutions ((−,−,−), (+,+,+), etc...) the RH neutrino masses are below 1011 GeV.
Let us turn to the discussion of the major problem a supersymmetric scenario of leptogenesis
faces: the constraint on the reheating temperature of the Universe, TRH .
6.3.4 Reheating temperature and the gravitino problem
The standard scenario of cosmology relies on the existence of an inflationary period [1, 10], which
explains, among other issues, the observed homogeneity and isotropy of the Universe. The in-
flationary epoch lasts until the field responsible for driving inflation, the inflaton, reaches the
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minimum of its potential. At this time, the energy density of the Universe is dominated by
the vacuum energy of the inflaton. As this field oscillates around its minimum, it reheats the
Universe by a release of its potential energy. Then, when T ' TRH , the inflaton field decays,
creating degrees of freedom, and so the temperature drops down.
Therefore all species existing before the reheating of the Universe will be completely diluted by the
entropy production. Similarly, any pre-existing lepton asymmetry will be washed-out, so that it is
mandatory that leptogenesis takes place after reheating Tlepto . TRH . As Tlepto ∼M1 ∼ 109 GeV
thermal leptogenesis requires TRH & 109 GeV.
On the other hand, such high temperatures can be problematic when one comes to local super-
symmetry [119]. Indeed, in such a case, the SUSY partner of the graviton field, the spin 3/2
gravitino, imposes stringent constraints on the reheating temperature [120]. The gravitino only
interacts gravitationaly, thus very weakly. Essentially two situations can occur. The lifetime of
the gravitinos can be larger than the age of the Universe, in which case they might either over-
close the Universe or their relic density may give an overabundant dark matter density [121]. In
the opposite case, gravitinos can be unstable, and their decays can either spoil the success of Big
Bang Nucleosynthesis [122], or their decay products, if stable, can also provide an overabundant
dark matter relic density.
The constraints on the reheating temperature come from the fact that the thermal production
of gravitinos, which happens during or just after the reheating stage, is more efficient for high
reheating temperatures. Indeed, the Boltzmann equation for the gravitino number density n3/2,
in a bath dominated by the inflaton field and radiation, reads [123, 124]:
dρφ
dt +3H(T ) ρφ = −Γφ ρφ ,
dρR
dt +4H(T ) ρR = Γφ ρφ ,
dn3/2
dt +3H(T )n3/2 = γ(T ) ,
where ρR = pi2g∗ T 4/30 is the radiation energy density, and ρφ the energy density of the inflaton
scalar field. The decay width of the inflaton field is related to the reheating temperature by:
Γφ =
TRH
Mpl
√
8pi3
90
g∗ . (6.63)
where in the MSSM the effective number of degrees of freedom is g∗ = 228.75. The thermal
production rate of gravitino is roughly [124] γ(T ) ' 10T 6/M2pl.
Since gravitinos interact only gravitationnaly, one can consider that the density after reheating
remains unchanged until gravitinos decay (if ever), such that one has
Y3/2 ' 6× 10−12
TRH
1010 GeV
. (6.64)
Clearly, thermal production of gravitinos is more efficient for high reheating temperatures.
Now, if gravitinos are stable, they might either overclose the Universe, which leads to the con-
straint TRH . 2× 1010 GeV, or if they provide the dominant contribution to dark matter, their
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relic density might be greater than the inferred density Ωdmh2 = 0.1143 ±0.0034 [40]. Assuming
that gravitinos provide the sole contribution to dark matter, one has
Ωdmh2 = Ω3/2h
2 ' 2.78× 1010 Y3/2
m3/2
100 GeV
. (6.65)
This relation strongly constraints the reheating temperature, as can be seen in fig.(6.7), where we
plot the relic density of gravitinos (assumed to correspond to the total dark matter abundance).
In this plot, we further assume that gravitinos are only produced via thermal scatterings [124],
which may not always be the case. Indeed, assuming that gravitinos are the lightest supersym-
metric particles (LSP), decays of the next-to-LSP may give rise to a non-thermal production of
gravitinos. However, we see that a stable gravitino implies TRH . 1010 GeV, which is slightly
above the leptogenesis bound.
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Figure (6.7): Constraint on the reheating temperature from gravitino abundance, assuming Ωdm = Ω3/2.
The plot has been obtained assuming universal boundary conditions for the gaugino masses, withm1/2 = 1
TeV (green), m1/2 = 500 GeV (blue) and m1/2 = 150 GeV (red). For each case, upper and lower curves
represent Ω3/2 = 0.11435 + 0.0034 and Ω3/2 = 0.11435 − 0.0034 respectively, while the central value is
indicated by a grey line. Plot adapted from refs.[124].
As already stated, it is also possible to have unstable gravitinos. Nonetheless they can be long-
lived particles and decay late. If these decays happen during or after BBN, T . TBBN , the
entropy released might jeopardise the successful predictions of BBN [122]. As the decay rate of
gravitinos is roughly
Γ3/2 '
m33/2
M2Pl
, (6.66)
gravitinos decay after BBN if Γ3/2 . H(TBBN ). Assuming this is the case, the gravitino abun-
dance is required to be small enough to not affect BBN, implying an upper-bound on the reheating
temperature. For m3/2 . 1 TeV, one requires TRH . 105−6 GeV.This value is clearly incompat-
ible with thermal leptogenesis. If one has 1 TeV . m3/2 . 50 TeV, then the constraint roughly
reads TRH . 109 GeV.
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Assuming even heavier gravitinos, one evades the BBN constraint, but then gravitino decays will
result in a non-thermal production of the LSP, which is assumed to be stable and the dominant
(if not the only) contribution to the observed dark matter abundance. Considering only this
non-thermal production for the LSP, its number density is related to the gravitino one by
ΩLSPh2 ' 2.78× 1010 × Y3/2
(
mχ01
100 GeV
)
, (6.67)
where χ01 is the lightest neutralino (in this case the LSP). Under the constraint that ΩLSP . Ωdm,
reheating temperatures below 3× 1010 GeV are required.
To summarise this discussion, we can say that even if the gravitino abundance puts stringent
constraints on the reheating temperature, leading in some models to a clear incompatibility with
the scenario of thermal leptogenesis, there are however possibilities in which the upper-bound
on the reheating temperature is sufficiently high to allow for a successful leptogenesis.
Therefore, even if aware of this caveat, in the following we study the thermal scenario of lepto-
genesis, assuming that TRH = 1011 GeV. This high reheating temperature will already allow us
to distinguish the solutions which provide enough baryon asymmetry from those which do not.
Then, in a later stage, we will investigate more realistic values for TRH .
6.3.5 Boltzmann equations
As before, the evolution of the comoving number densities is obtained by solving the set of
Boltzmann equations. For the RH (s)neutrino one has:
Y ′Ni(z) = −2Ki (Di(z) + Si(z))
(
YNi(z)− Y eqNi (z)
)
,
Y ′
N˜i
(z) = −2Ki (Di(z) + Si(z))
(
YN˜i(z)− Y
eq
N˜i
(z)
)
, (6.68)
where z = M1/T . In this equation, YNi is compared to the number density in thermal equilib-
rium 4 Y eqNi , which is given by the following equation:
Y eqNi (z) '
135ζ(3)
8pi4g∗
R2i z
2K2(Riz)
TMi−→ 135ζ(3)
4pi4g∗
' 1.8× 10−3 , (6.69)
where we have introduced Ri = Mi/M1.
In the MSSM, the number of degrees of freedom in the thermal bath is g∗ = 228.75 (without RH
4Assuming a Maxwell-Boltzmann (MB) distribution for the equilibrium abundance gives Y eqNi = Y
eq
N˜i
. Taking
Fermi-Dirac (FD) or Bose-Einstein (BE) distributions, the abundances differ at high temperatures by a spin
factor [66]
nFD (T M) =
3
4
nBE (T M) =
3ζ(3)
4
nMB(T M) ,
and are equal at low temperatures. So even if we assume a MB statistic for the distribution functions, we
nevertheless correct the abundances by the high temperature expansion, and therefore we take Y eqNi =
3
4
Y eq
N˜i
, with
Y eqNi given by eq. (6.69).
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neutrinos or triplets). The individual B − L asymmetries Y∆α are driven by:
Y ′∆α(z) = −2
∑
i=1,2
εiαKi (Di(z) + Si(z)) .
(
YNi(z)− Y eqNi (z) +
(
YN˜i(z)− Y
eq
N˜i
(z)
))
+ 2
∑
i=1,2
κiα
∑
β
Wi(z)Aαβ Y∆β(z) . (6.70)
The washout parameters κiα are as usual given by:
κiα ≡ Γ(Ni → `αHd)
H(Mi)
=
m˜iα
m∗
, (6.71)
but with a slight modification of m˜ and m∗:
m˜iα =
λiαλ
†
αiv
2
u
Mi
,
m∗ =
16pi5/2
√
g∗
3
√
5
v2u
MPl
' 1.56× 10−3eV . (6.72)
The total washout parameter Ki is obtained by summing over flavour indices:
Ki =
∑
α
Kiα =
m˜i
m∗
' m˜i
1.56× 10−3eV . (6.73)
The thermally averaged decay rate Di are given by:
Di(z) = z R2i
K1(Riz)
K2(Riz) . (6.74)
The ∆L = 1 scatterings are Higgs-mediated processes involving top quarks and antiquarks, and
receive contributions from the s− and t−channels:
Si(z) = 2γis(z) + 4γ
i
t(z) . (6.75)
The washout term Wi(z) = W idi (z) +W
s
i (z) results from the contribution from inverse decays
W idi (z) =
1
4
R4i z
3K1(Riz) , (6.76)
and ∆L = 1 scatterings
W si (z) =
W idi (z)
Di(z)
(
2γis(z)
(
YNi(z)
Y eqNi (z)
+
YN˜i(z)
Y eq
N˜i
(z)
)
+ 8γit(z)
)
. (6.77)
A careful study of the reheating problem should be done by considering the influence of the in-
flaton field on the expansion rate of the Universe, similarly to eqs.(6.63), as done in [58, 87, 125].
We do not carry such an analysis, but take the reheating into account in an effective way. We
consider that the inflaton field decays instantaneously when the temperature drops below TRH ,
and thus we consider that the temperature at which leptogenesis starts Tin coincides with TRH .
For masses Mi . TRH , this is a rather good approximation. On the other hand, for heavier
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masses, thermalisation processes of Ni are Boltzmann suppressed and for Mi & (2 − 3) × TRH
the number density of the created RHns is negligible.
Had we properly included the contribution of the inflaton field, such a suppression of the thermal-
isation processes would not have occurred; however, as for T & TRH the Universe is dominated
by the inflaton energy density, the large Hubble expansion rate ∝ √ρφ + ρR + ρN ∼ √ρφ would
have diluted processes involving RHns. The difference between the naïve reheating we consider,
and the proper treatment similar to eq.(6.63) has been done, for example, in [124] for the grav-
itino abundance, where it has been found that the naïve prescription, albeit twice larger, is of
the correct order of magnitude.
As already stated, in a first stage we will use Tin = 1011 GeV to discriminate among solutions,
and then we will lower this value to more acceptable values.
6.4 Results for the four typical solutions
Now that the framework of our model has been set up, we can examine the viability of thermal
leptogenesis for the four characteristic solutions we will focus on:
• Solution (+,+,+) for which the pure type II seesaw dominates at large vR, and where
RHn masses continuously grow.
• Solution (+,−,+), an interesting type I+II mixed solution where, contrary to M2 (which
increases with vR), M1 reaches a plateau close to the type I bound.
• Solution (+,+,−), which is also a mixed solution, with M1 reaching a constant value, but
with M1 ' 105 GeV, far below the type I bound.
• Solution (−,−,−), which tends to the type I in the high vR limit. As in the previous case,
M1  109 GeV.
From the above spectra, we can infer that for (+,+,+), the lightest RH neutrino will contribute
dominantly to the lepton asymmetry production, while for (+,−,+), N2 might play a role since
M1 could be excessively light. On the other hand, for the remaining solutions (±,±,−), it is
obvious that N2 is the (ultra) dominant contribution.
We first assume that md = me, with a high reheating temperature TRH = 1011 GeV, and then
relax these assumptions in order to study their influence. In the next section, we will study the
dependence on low-energy parameters that are the light neutrino mass, the CP violating phase
δPMNS and the mixing angle θ13, but for the moment, we fix m1 = 10−3 eV, θ13 = 0, put δPMNS
to zero as well as all the other phases, except for φu2 = pi/4.
6.4.1 Influence of flavours
We first investigate the influence of flavours on our four characteristic solutions by considering
fig.(6.8), where we plot the baryon asymmetry as a function of the B−L breaking scale, including
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Figure (6.8): Evolution of the baryon asymmetry as a function of the B − L breaking scale vR, for the
four characteristic solutions. In these plots we compared the flavoured case, depicted in solid-black lines,
and the unflavoured case, in dashed-red lines.
lepton flavours (solid black line) or not (red dashed line).
The different behaviours are more easily understood by looking at fig.(6.9), where we plot the
CP asymmetries and washout factors involving the dominant RHn for the various solutions (see
the caption for the colour code).
We first notice that for the present choice of parameters, in the flavoured case (black lines)
(+,+,+) can easilly saturate the observed baryon asymmetry, while (+,+,−) is only marginally
compatible. This is easily understood in fig.(6.9). These two solutions have in common that the
dominant RHn strongly couples to the τ flavour (in green). Hence an important CP asymmetry
is created in this direction, even if somehow compensated by the strong washout. For (+,+,+),
we see that around vR ∼ (2 − 3) × 1013 GeV, ε1,τ & 10−6 while at the same time the washout
decreases, dropping from ∼ 102 down to ∼ 5. Hence the baryon asymmetry is enhanced, as can
be seen from the bump in YB around vR ∼ (2− 3)× 1013 GeV.
Why is then (+,+,−) comparatively so small?
It is because the τ flavour, even if copiously produced, is also strongly washed-out: for vR &
(2 − 3) × 1013 GeV, κ2,τ ' 20. Hence, a washout four times larger than for the (+,+,+) case
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Figure (6.9): Evolution of individual CP asymmetries εi,α and washout factors κiα as a function of vR for
the four characteristic solutions. Working in a three flavour scheme, we depicted in green the tau flavour,
in blue the muon flavour and in red the electron one. We only plot the εi,αs and κi,αs corresponding to
the RHn Ni that provides the dominant contribution to leptogenesis.
requires a CP asymmetry four times greater, and such a value for the CP asymmetry can only
be reached for higher vR.
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Finally, as vR increases, M1 or M2 approach Tin = 1011 GeV, and so N1 or N2 are no longer
efficiently produced by inverse decays, thus the dramatic fall of YB.
We observe a huge difference when we consider the unflavoured case (dashed red line): while
for (+,+,+) the unflavoured case is close to the flavoured one, particularly in the high vR-εCP
regime, the (+,+,−) is highly suppressed5. In the next section, we will concentrate on this
feature, which corresponds to the case discussed in [86, 126].
Let us examine the remaining (±,−,±) solutions. For the parameters chosen, the observed
value Y obsB is not reached. Still, the qualitative description carried for the previous case holds,
up to the different behaviours of the CP asymmetries. Notice also the strong suppression of the
unflavoured YB in the (−,−,−) case, which also nicely illustrates the survival of the asymmetry
produced by N2 due to flavour effects [86] that we now discuss in greater detail.
Survival of N2 leptogenesis due to lepton flavour effects
As we just saw, for solutions (+,+,−) and (−,−,−) a huge difference exists between the
flavoured and the unflavoured picture.
Assuming that all high energy phases and angles are set to zero, except for Φu2 = pi/4
6, we have
for example the following CP asymmetries and washout parameters at vR ' 1014 GeV:
(−,−,−) N1, e N1, µ N1, τ N2, e N2, µ N2, τ
εiα 1.1× 10−16 9.6× 10−15 5.8× 10−14 -1.2× 10−7 -6.4× 10−8 -3.4× 10−7
κiα 0.04 17.2 16.2 2.3 0.7 2.7
(+,+,−) N1, e N1, µ N1, τ N2, e N2, µ N2, τ
εiα 1.2× 10−16 9.7× 10−15 5.7× 10−14 7.0× 10−7 2.0× 10−7 2.6× 10−6
κiα 0.04 17.2 16.2 0.5 0.2 3.5
We see that in both solutions the washout parameters and the CP asymmetries exhibit similar
patterns. In both cases, the CP asymmetry from N1 decays is very small, and one can neglect the
lepton asymmetry produced by N1. Moreover, in both cases N1 interactions present important
differences regarding the washout of lepton flavours: while the electron flavour is very weakly
washed out (κ1e ' 4× 10−2), the µ− τ flavours are strongly washed out (κ1µ,τ ' 15).
On the other hand, e, µ and τ couplings to N2 are of the same order.
Hence, once N2 has completely decayed, the three asymmetries (Le, Lµ, Lτ ) are comparable, un-
til z ∼ 1, when Lµ and Lτ are strongly suppressed by N1 washouts. However, since the electron
flavour is not affected by these washouts, the baryon asymmetry generated by N2 processes is
5Actually, in this case, as in the (−,−,−) one, the unflavoured picture gives YB ' 10−18; but due to the
numerical precision required to generate these plots, some instabilities arise, so we preferred to impose a cut
around YB ∼ 10−15. See the next section for a plot with an increased precision to avoid the instabilities in
(±,±,−) solutions.
6The case considered here corresponds to a non-trivial Um. For convenience, we rather choose the set 1 of Um,
defined in section 6.2.1. This choice only affects the quantitative result, and not the discussion. For example,
while we obtain YB ' 1.25 × 10−10, had we taken Um = 1 we would have obtained YB ' 7.8 × 10−11, slightly
below the observed value.
120 Leptogenesis in the type II seesaw
not erased by N1 leptogenesis, opposed to what occurs in the single flavour approximation. The
effects of (Le, N1) orthogonality can be seen without ambiguity in figs.(6.10). Notice also the
dramatic effect of flavour conversion on the muon and tau flavours, albeit this effect is only
sub-leading for the baryon asymmetry.
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Figure (6.10): Evolution of the asymmetries in the (+ + -) case, as a function of z = M1/T . The
thick black and grey lines represent the baryon asymmetry computed with and without flavour effect,
respectively, highlighting the very effect of lepton flavours in leptogenesis. The thin lines represent the
contribution to the baryon asymmetry of the different flavours: electron (purple), muon (red) and tau
(green). On the left panel we include off-diagonal terms when solving the BE, whereas in comparison
those terms are not included in the right panel. This clearly illustrates the muon and tau survival due
to their non-diagonal couplings to the electron flavour.
Following [86], we evaluate those effects in the illustrative (+ + −) solution. Given that right-
handed neutrino masses are very hierarchical, we can address N2 and N1 leptogenesis indepen-
dently. Neglecting off-diagonal terms of the matrix A, after N2 leptogenesis the asymmetries are
given by:
Y∆e|N2 ' −4× 10−10 , Y∆µ|N2 ' −4× 10
−11 ,
Y∆τ |N2 ' −1× 10−9 , YL|N2 ' 6× 10−10 .
As the Universe cools down, the comoving number densities remain constant until z ∼ 1, where
N1 washout processes come into equilibrium, damping the asymmetries according to:
Y ′∆α(z) = 2κ1αAααW1(z)Y∆α(z) + 2κ1α
∑
β 6=α
AαβW1(z)Y∆β(z) , (6.78)
and yielding the formal solution
Y∆α|N1 (z) ' Y∆α|N2 × e
2Aαακ1α
R z
zin dx W1(x)
+ 2κ1α
∑
β
Aαβ
∫ z
zin
dxW1(x)Y∆β(x) e2A
αακ1α
R z
x dy W1(y) . (6.79)
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The first term corresponds to the depletion of the Y∆α from N1 washouts, whereas the second
term represents the effect of non-diagonal couplings between flavours. The contribution of the
former to the final asymmetry turns out to be:
Y d∆α ' Y∆α|N2 × e
3pi
4
Aαακ1α , (6.80)
and the second term, evaluated in [90], gives a contribution which is:
Y od∆α '
∑
β 6=α
Y d∆β ×Aαβ
κ1α
1 + 0.8(−Aαακ1α)1.17 . (6.81)
The above formulae show that only the electron flavour survives N1 washouts, while muon and
tau flavours are suppressed by a factor ' 10−6, illustrated on the right panel of fig.(6.10). The
baryon asymmetry, produced from the electron flavour, is:
YB ' 1031
∑
α
Y∆α ' 1031 1.19Y∆e|N2 ' −1.25× 10
−10 , (6.82)
which is slightly above the observed value (notice the excellent agreement with the numerical
result YB ' −1.45× 10−10).
In the one flavour approximation, N1 washouts exponentially suppress the total lepton asymme-
try, as seen in fig.(6.10):
YL ' YL|N2 × e
− 3pi
4
κ1 . (6.83)
We further notice the effect of the off-diagonal couplings which prevent the total depletion of the
µ, τ asymmetries:
Y od∆µ(τ) ' 0.12Y∆e ' 0.12Y∆e|N2 e
3pi
4
Aeeκ1e ' −4.4× 10−11 . (6.84)
This effect is spectacular for the individual lepton asymmetries, but only marginal for the baryon
asymmetry.
This example clearly illustrates how the orthogonality of the leptonic directions and the decay
of N1 and N2 in flavour space allow N2 leptogenesis to survive the washout of N1.
In the following, we do not pursue the discussion of the unflavoured picture.
6.4.2 Influence of mass corrections
Let us now examine the influence of the correction to the relation me = md. This correction
entails a redefinition of the down-quark Yukawa coupling λd → U∗m λd U †m through the matrix
Um which diagonalises the charged lepton masses. Going to the basis where down-quark masses
are diagonal, the neutrino Yukawa couplings are affected by Um, as is the right-handed neutrino
spectrum, as well as the CP asymmetries and washout factors. Using the four sets of Um defined
in section 6.2.1, we plot in fig.(6.11) the baryon asymmetry as a function of vR. We do not
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Figure (6.11): Evolution of the baryon asymmetry as a function of the B−L breaking scale vR, for the four
characteristic solutions, and for the four sets of matrix Um defined in section 6.2.1. The different colours
represent the different sets, with sets 1,2,3 and 4 depicted in red, blue, green and purple respectively.
analyse the different Um separately, but just remark their main features.
The first thing to notice is that for solutions (+,+,±), the qualitative picture remains unchanged:
YB increases with vR, until the right-handed neutrino becomes too heavy and thus its production
is suppressed, accounting for the fall of YB at high vR. If we look more carefully, we see that
these two solutions are enhanced, especially for the set 1 (in red), for which both two solutions
reach the observed value.
Interestingly, for the (+,+,+) case, N1 and N2 become partially degenerate around vR ' 4 ×
1012 GeV, leading to a resonance of the baryon asymmetry, as can be seen from the peak in YB
for this solution. This resonance is shown in fig.(6.12), where we plot the baryon asymmetry as
a function of vR and the corresponding right-handed neutrino masses.
Nevertheless, this degeneracy is accidental and is not a generic feature of this model. Moreover,
relying on resonances to obtain a sufficiently large baryon asymmetry, while Mi ' 109 GeV may
appear as extremely fine-tuned, and so we no longer consider this possibility.
A more robust and welcome consequence of having included the mass correction stems from
the success of the (+,−,+) solution, for which the observed baryon asymmetry is reached for
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Figure (6.12): Zoom on the quasi-degenerate region of the (+,+,+) solution depicted in red in fig.(6.11).
On the right-hand side, the plot shows the evolution of M1 and M2, which become quasi-degenerate
around vR ' 3.8 × 1012 GeV. This quasi-degeneracy implies a resonance of the baryon asymmetry, as
shown on the left-hand side.
1013 GeV . vR . 1014 GeV.
Consider for example the solution corresponding to the first set of Um (in red) of fig.(6.11), which
has the same high-energy phases φ2u = pi/4 of that in fig.(6.8). For vR ' 1013−14 GeV, we see
that the baryon asymmetry is enhanced by two orders of magnitude when the mass correction
is included.
This comes from the very different behaviours of the CP asymmetries and washout factors, as
can be seen by comparing figs.(6.9) and (6.13). In the former case the maximum CP asymmetry
is reached for vR ' 2×1013 GeV, and is ε1τ ' 10−7 with a washout κ1τ ' 20. In the latter, when
the mass correction is included, the CP asymmetry is comparatively enhanced by one order of
magnitude, while the washout factor is reduced by one order of magnitude.
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Figure (6.13): CP asymmetries and washout factors for the (+,−,+) solution depicted in red fig.(6.11).
Colour code as in fig.(6.9).
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The enhancement of the baryon asymmetry coming from the inclusion of the mass correction
can be analytically explained from the influence of θm12 of the matrix Um. Indeed, we roughly
have that
M1 ∝ vR
(
f1 |cos(θm13)cos(θm12)|2 + f2 |cos(θm13)sin(θm12)|2 + ...
)
,
M2 ∝ vR
(
f1 |cos(θm23)sin(θm12)|2 + f2 |cos(θm23)cos(θm12)|2 + ...
)
, (6.85)
where the dot stands for terms of the same order for M1 and M2. Hence, all other parameters
being fixed, varying θm12 modifies the relative (f1 − f2) weights, and so potentially increases M1,
which was previously slightly below the type I bound (cf. fig.(6.2)).
In the following, we will only consider the favourable case which is depicted in red in fig.(6.11).
6.4.3 Dependence on the reheating temperature
Let us now discuss the important question in thermal leptogenesis of the lower bound on Mi, or
equivalently, the lowest possible reheating temperature. In the type I seesaw, a bound is derived
on M1, namely M1 & 2 × 109 GeV, which follows from the constraint of having a large enough
CP asymmetry. This bound implies a lower bound on TRH , which must be & 2 × 109 GeV. In
the type II seesaw, assuming strong hierarchy among right-handed neutrinos, the individual CP
asymmetries are bounded by [113]:
ε1,α .
3
8pi
M1m
max
ν
v2u
. (6.86)
According to the mass pattern for the RHn we have encountered, this relation is not likely to
apply, since either the neutrino that dominantly contributes to the asymmetry production is N2,
with M1 M2 M3, or else the main contribution comes from N1, but with a mild hierarchy
between N1 and N2.
Nevertheless, we partially answer this question with fig.(6.14), where, for the four solutions
represented in the TRH − vR parameter-space, we display the limits above which the computed
baryon asymmetry at least equals the observed one (except for the (−,−,−) case, cf. figure
caption). In order to derive this plot, we fix all other parameters, with m1 = 10−3 eV, and
choose the first set for Um, with Φu2 = pi/4, the other phases as well as θ13 being set to zero.
The first thing to notice is the failure of (−,−,−) to produce enough baryon asymmetry.
Solution (+,+,−) works for TRH & 5 × 1010 GeV; for lower temperatures, N2 becomes heavier
than TRH and its production is Boltzmann suppressed.
Particularly interesting are the solutions (+,±,+), for which the reheating temperature can
be brought down to more reasonable values: the lower bound derived in these cases is TRH &
5× 109 GeV.
However, we again want to stress that we do not scan over the entire parameter space, but
restrict ourselves to the case where only one high energy CP violating phase is non-zero. As a
consequence, the lower bound on TRH should be seen only as a rough approximation of the true
lower bound.
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Figure (6.14): Contour lines of the ratio of the computed baryon asymmetry over the observed one as
function of vR and Tin, for the different characteristic solutions: solution (+++) is depicted in thick black
line, solution (+ +−) is in thick long-dashed blue, whereas solution (+−+) is in thick dashed red. For
these three solutions, the contours represent a unit ratio, and inside the contour we have Y numB /Y
obs
B & 1.
We have depicted in a thin black line the solution (−−−) for which the observed bound is not reached,
and so for this solution we plotted the ratio Y numB /Y
obs
B = 0.1.
6.5 Dependence on the low energy parameters
As stated many times before, the conclusion of this study crucially depends on the different input
parameters. The high energy parameter-space, which is 10 dimensional, exceeds our computation
ability, and furthermore is not implied in low-energy experiments. On the other side, mν , θ13
and δ) are very important low-energy parameters which are involved, for example, in a possible
violation of CP in neutrino oscillations. In this section we numerically investigate their influence.
6.5.1 Dependence on the light-neutrino mass
We first examine the influence of the light neutrino mass scale, assuming a normal mass ordering.
As can be seen from fig.(6.1), where we plot the fis for m1 = 0.1 eV and 10−5 eV, increasing
m1 raises the right-handed neutrino masses corresponding to a ” + ” solution, while conversely
decreasing its value lowers masses which correspond to a ” − ” solution. This behaviour can
be seen in the contour plot of fig.(6.15), where we show for our characteristic solutions the
region in the (mν1 = m1, vR) plane where enough baryon asymmetry is created. We choose
TRH = 1011 GeV, and the second set for Um − Φu2 .
We notice the strong influence of m1 on the different solutions.
Furthermore, even if solution (−,−,−) fails to produce enough baryon asymmetry, its behaviour
is similar to the one of (+,+,−), as expected. These two solutions rely on the decays of N2,
but also strongly on the washouts from inverse decays producing N1, as we saw in the previous
section. The fact is that when m1 increases, κ1,αs also increase, hence the asymmetry produced
by N2 leptogenesis will be erased by subsequent N1 processes. For these solutions, we have an
126 Leptogenesis in the type II seesaw
10-5 10-4 10-3 10-2 10-1 1
1012
1013
1014
mΝ1 HeVL
V R
HG
eV
L
Figure (6.15): Contour lines of the ratio of the computed baryon asymmetry over the observed one, as
functions of vR and light neutrino mass scale m1. The ratio Y
num
B /Y
obs
B = 1 is fulfilled for the three
solutions: (+ + +) depicted in thick black line, (+ +−) in thick long-dashed blue, and (+−+) in thick
dashed red. Inside the contours we have Y numB /Y
obs
B & 1. In the case of solution (−−−), for which the
observed bound cannot be reached, we have depicted in thin black line the ratio Y numB /Y
obs
B = 0.1.
upper-bound on m1, namely m1 . 2× 10−2 eV.
In the (+,−,+) case, when m1 increases, M1, which corresponds to the ”− ” solution decreases,
dropping below 109 GeV. This could be somewhat compensated with the increase of M2, but
since M2 & 1011, its contribution is suppressed. For this solution, a similar bound on m1 is
derived, namely m1 . 5× 10−2 eV, with vR & 1013 GeV.
In the (+,+,+) case, increasingm1 increasesM1, and consequently the efficiency of leptogenesis,
until M1 & (2 − 3) × TRH and YB drops. To avoid this decrease in YB, lower values of M1 are
required, and so lower values of vR.
6.5.2 Dependence on low-energy mixing angles and phases.
Let us now discuss the influence of the low-energy CP violating phase δ and mixing angle θ13.
These two quantities are crucial for low energy neutrino physics, since θ13 = 0◦ and δ = 0, pi
would imply that CP is conserved in neutrino oscillations [127].
In order to derive constraints, we choose TRH = 7 × 109 GeV for (+,±,+), and TRH =
5×1010 GeV for the remaining solutions, according to fig.(6.14). We further take m1 = 10−3 eV,
since this value suits all solutions.
We first consider in fig.(6.16) the influence of θ13 on YB, when vR varies, with a fixed CP phase
δ = 0.
We see that the influence of θ13 on YB strongly depends on the type of solutions.
For all the solutions, we notice that for δ = 0, θ13 = 0 gives the best results. For the (±,±,−)
solutions, we observe a huge dependence on θ13: Y
max
B decreases by two orders of magnitude
when θ13 goes from 0◦ to its upper-bound, 13◦. We can consequently say that δ = 0 favours
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Figure (6.16): Baryon asymmetry as a function of vR, for the four typical solutions. In these plots are
displayed YB for different values of θ13, taking δ = 0. We represent in black, purple, blue, red and green
the values θ13 = 0◦, 2◦, 5◦, 9◦, 13◦, respectively. For the top panel, we choose TRH = 7× 109 GeV, while
for the bottom panel TRH = 5× 1010 GeV.
θ13 = 0◦. What about non-vanishing values of δ?
To study the influence of δ, we fix vR = 6 × 1013 GeV for (+,±,+) and vR = 5 × 1013 GeV for
(±,±,−), keeping the values of TRH quoted above; we then plot in fig.(6.17) YB in the θ13 − δ
plane.
We see that changing these parameters does not improve the situation for (−,−,−), which still
fails to produce enough baryon asymmetry. However, we notice that its behaviour is very similar
to the (+,+,−) case, for which the observed bound can be reached: in both cases, the baryon
asymmetry is larger for small values of θ13, with a factor ∼ 100 between θ13 = 0◦ and θ13 = 13◦.
Moreover, we clearly see a preference of these solutions for δ ' pi, for which higher values of θ13
are possible. Actually δ = pi is the most favourable case for (+,+,−), while (−,−,−) seems to
favour δ ' pi − pi/8.
This preference for δ ' pi is also observed for the (+,±,+) solutions, but in these cases non-zero
values of θ13 maximise YB.
We can conclude that, for the choice of parameters made, our model points towards non-zero
values of δ, in fact values close to pi. Hence it implies small CP violation in oscillation experi-
ments [127].
However, we stress once again that this conclusion is not general, being based on a partial scan
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Figure (6.17): Contour lines of the ratio of the computed baryon asymmetry over observed one, as a
function of the low-energy parameters δ and θ13. We depicted in red lines the unit ratio, if reached.
of the 17-dimensionnal parameter space.
6.6 Summary
In this chapter we have studied leptogenesis in the type II seesaw. This model has the interesting
feature of containing two sources of lepton number violation, originating from the couplings with
the scalar SU(2)L triplet and with the right-handed neutrinos.
Moreover, our model is embedded in a SUSY-GUT framework: it has the advantage of constrain-
ing the neutrino Yukawa couplings, the ignorance of which is one of the weakness of the model we
studied in the previous chapter. Furthermore, the fact that we assume a Left-Right symmetry
enables us to invert the seesaw relation, and so to characterise right-handed neutrinos in terms
of light neutrino and up-type quark properties. For the RHn spectrum, 8 solutions are found,
which can be grouped in four pairs according to their different properties. We focus on one
solution per pair, which exhibits either the dominance of one (pure) type of seesaw, for (+,+,+)
and (−,−,−), or else an interesting mixing between type I and pure type II, for (+,−,+) and
(+,+,−). We thus discriminate among this eightfold degeneracy with the requirement that lep-
togenesis is viable.
The leptogenesis criterion has already been used by the authors of [99], but as they already
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stressed, the study was far from being definitive, mainly for two reasons. Firstly, the treatment
of leptogenesis was not correct, since it was based on the single flavour picture. Secondly, the fact
that only a pair of 10 Higgs representations had been included to give mass to light particles,
imposed the relation me = md at the GUT scale, which clearly does not hold. Therefore in this
chapter, which is based on [98], we improved the study regarding these two points.
Thus, we have included the effects of lepton flavours, inclusion which is not only required [75],
but instrumental [71]. This is especially true in the case we considered here, where usually the
total washout K1 is strong but the individual ones are not. We further included heavy neutrino
flavours, at least partially, since the heaviest RHn is usually much heavier than the other two
RHns. This inclusion follows the fact that in the (±,±,−) cases, while N1 is too light to be of
use for leptogenesis, N2 is of the good order of magnitude.
We found that indeed, adding both light and heavy flavours, improves the situation. The most
spectacular example is the (+,+,−) solution, where the asymmetry is produced due toN2 decays,
and the inclusion of lepton flavours prevents this asymmetry from being completely washed-out
by N1 processes, as it would be the case in the unflavoured picture.
Moreover, by adding in an effective manner a non-renormalisable term involving a 45 Higgs
representation, which is thought to be present in typical SO(10)-based GUT, the correction
of the GUT relation me = md constitutes a clear improvement of the model towards realis-
tic fermion masses. This correction implies a redefinition of the lepton right handed neutrino
Yukawa couplings λ, which turns out to modify the right-handed spectra, individual washouts
and CP asymmetries, the relevant quantities for leptogenesis. Owing to some freedom in this
redefinition, we found that correcting fermion masses greatly improves the results. A typical
example is the success of the (+,−,+) case.
Requiring that leptogenesis successfully predicts the observed amount of baryon asymmetry, we
thus found that 3 of our 4 characteristic solutions do work. However, these results might be
pointless, since these might be a conflict with the reheating temperature. Examining this prob-
lem, we found that the solutions (+,+,+) and (+,+,−) work in a large part of the parameter
space with TRH . 1010 GeV, whereas (+,+,−) would require TRH & 5 × 1010 GeV. Under the
constraint that TRH . 2× 1010 GeV we thus found that two of our four characteristic solutions
satisfy the leptogenesis criterion. Hence, we can say that four of the eight solutions are compat-
ible with leptogenesis. Nevertheless, our model suffers from its lack of predictivity, since the 10
dimensional high-energy parameter-space remains unconstrained. Therefore, it would be inter-
esting to link the constraints coming from leptogenesis to other constraints coming, for example,
from lepton-flavour violation. It could be also interesting to build a complete SO(10) GUT
model which provides the LR symmetric seesaw, together with the required proton stability,
doublet-triplet splitting and realistic fermion masses and mixings.
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Conclusions
We have seen that under the assumption that neutrinos get their masses through the seesaw
mechanism, leptogenesis qualitatively occurs; in chapter 3, we discussed the requirements under
which the single flavour picture can quantitatively work. These conditions are:
• The matrix R must be complex, and furthermore CP violation has to be large enough in
order to have εCP & 5× 10−7.
• The right-handed neutrino masses are bounded: 2 × 109 GeV . M1 . 1012 GeV. The
lower bound comes from the requirement that εCP is large enough, while the upper-bound
represents the temperature below which electroweak sphalerons come in-equilibrium.
• Assuming hierarchical heavy neutrinos, the light neutrino masses are upper-consrained:
mi . 0.15 eV.
This is for the single flavour picture.
However, we showed [75] that lepton flavours have to be included in leptogenesis, since for M1 .
1012 GeV, the interactions involving the charged lepton Yukawa couplings are in-equilibrium.
Since the different lepton flavours have different Yukawa couplings, the lepton doublet interacting
with the RHns has to be decomposed into the different flavours. Consequently, one has to consider
lepton flavour asymmetries.
In chapter 4, we show how to include the evolution of flavoured asymmetries in the Boltzmann
equations, and what are the constraints under which the flavours are relevant. We showed in
this chapter that, for instance, when the tau Yukawas are in-equilibrium, then the quantum
correlations between the tau flavour and the other flavours are exponentially damped, which
is not the case for the correlations between the muon and the electron flavours. Regardless of
whether leptogenesis is efficient or not, we identified different temperature regimes:
• If 109 GeV .M1 . 1012, only the interactions involving the tau Yukawa couplings are in-
equilibrium, and therefore 2 flavours are distinguishable: the tau flavour and the coherent
sum of e+ µ flavours.
• If M1 . 109, then the muon-Yukawa interactions are also in-equilibrium, and the lepton
asymmetry is projected onto a three-flavour space, (τ, µ, e).
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The electron-Yukawa interactions are in-equilibrium for M1 . 106 GeV, that is for masses far
below what is required by leptogenesis.
We subsequently applied these flavoured recipes to the type I seesaw in the SM model, and to
the type II seesaw in a GUT model, respectively in chapter 5 and 6.
The chapter 5 is based on [75, 71, 90], and provides the main results obtained during my thesis,
which can be compared with the constraints of the single-flavour picture above.
• In the flavoured context, the R-matrix can be real, with non-zero lepton flavoured CP
asymmetries, since the latter now depend on the CP phases of the lepton mixing matrix
UPMNS . However, the lower bound on the CP asymmetries is still ε & 5 × 10−7. A
noticeable modification, which may provide one of the most important effects of lepton
flavours, is the modification of the upper-bound on the CP asymmetry in the regime of
degenerate light neutrinos. Indeed, while in the single flavour picture εCP ∝ m−1 and is
thus suppressed, when flavours are included the upper-bound rather reads εα ' m and is
even enhanced in this limit.
• Regarding the lower bound on right-handed neutrinos, lepton flavours do not significantly
modify the picture, with M1 & 2.5× 109 GeV.
• On the contrary, since individual CP asymmetries are no-longer suppressed in the regime
of degenerate light neutrinos, the allowed parameter-space is enlarged, and light neutrino
masses are no longer upper-constrained by leptogenesis when right-handed neutrinos are
hierarchical.
The main effect of lepton flavours lies in the degenerate regime, which corresponds to a regime of
strong washout. This is simply because the couplings of different flavours with the right-handed
neutrino are not equal, and so the flavours interact at different rates.
Another aspect of leptogenesis, which perhaps constitutes one of its weakness, is the lack of
predictivity regarding the different CP violating phases and especially for the high-energy sec-
tor. In the single flavour picture and in the flavoured one as well, only optimal regions in the
parameter-space can be inferred.
In order to remedy to this problem, we studied in chapter 6 supersymmetric leptogenesis in
a Left-Right symmetric type II seesaw model. In this model, the GUT embedding yields the
interesting result that the Dirac type mass of light neutrinos is no longer free, but related to the
masses of the other fermions. This is a clear gain compared to a non-GUT scenario.
In this scenario, the high-energy sector was reconstructed from an inversion of the seesaw formula,
but nevertheless suffers from an "eightfold" ambiguity in the solutions. We therefore investigated
if leptogenesis enabled us to discriminate among these solutions. Furthermore, given the spectra
we encountered, for half of the solutions it was clear that only the second lightest right-handed
neutrino was relevant for leptogenesis. We therefore studied leptogenesis, including both light
and heavy flavour effects. In this case, we found that 2 of our 8 solutions survived, namely the
solution which correspond to a pure type II seesaw in the high B − L breaking scale limit.
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We further refined our model, correcting the GUT relation among charged lepton and down type
quark masses, through the inclusion of non-renormalisable operators. We found that this step
towards more realistic fermion masses strongly affects leptogenesis, increasing to 6 the number
of allowed solutions. We further found a nice illustration of the importance of both light and
heavy flavours for the case where the lepton asymmetry is generated by the decays of N2, and
the inclusion of lepton flavours prevents this asymmetry from being washed-out by N1 processes.
However, since we were working in a supersymmetric extension, we had to have in mind reheat-
ing temperature constraints. When investigating whether or not leptogenesis could work with
TRH . 1010 GeV, we found that 4 solutions were compatible, in a large part of the parameter
space. We then consider whether the requirement of successful leptogenesis enabled us to make
some predictions for the seesaw parameters. Unfortunatly, the "cure seems worse than the dis-
ease", since our GUT model contains more free parameters than the non-GUT one.
This lack of predictivity is a common plague to high-energy seesaw models, and thus to the ther-
mal scenario of leptogenesis. One then one asks: is there a remedy? There are at least several
ways out: the first one would be to link the different observables which involve seesaw couplings,
another could be to study leptogenesis in a complete and consistent GUT scenario, where the
number of free parameters is dramatically reduced or even over-determined. Finally, lowering the
seesaw scale could provide additionnal observable effects at the LHC or other future experiments
and is therefore an interesting solution. Nevertheless, lowering the seesaw scale enters in conflict
with the scenario of thermal leptogenesis that we discussed in this thesis. Hence the need to
low-energy leptogenesis models.
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Appendix A
A few words on particle physics
A.1 The Standard Model
The Standard Model of particles relies on the local invariance under SU(3)c × SU(2)L × U(1)Y
symmetry, the matter sector being composed of 3 generations of 15 fundamental fermion fields
which are given in the following table:
field G32 QT 3 QY B L
uL (3,2) 1/2 1/3 1/3 0
dL (3,2) −1/2 1/3 1/3 0
uR (3,1) 0 4/3 1/3 0
dR (3,1) 0 −2/3 1/3 0
νL (1,2) 1/2 −1 0 1
eL (1,2) −1/2 −1 0 1
eR (1,1) 0 −2 0 1
(A-1)
The SM successfully describes the strong and electroweak interactions thanks to the exchange of
vector bosons, which are in the adjoint representation of the different groups: the 8 gluons for
SU(3), the 3 W bosons of SU(2) and the vector Bµ of U(1)Y .
Fermion mass terms emerge from the coupling of fermion bilinears with the scalar sector, which
consists, in the SM, in a scalar field, doublet under SU(2)
φ =
(
φ+
φ0
)
. (A-2)
The neutral component of φ is singlet under SU(3)c × U(1)em, and so it can take a vev
〈
φ0
〉
=
v/
√
2 ' 246 GeV, leaving the low-energy group invariant and in the meanwhile fermions aquire
masses, thanks to the Yukawa couplings:
Lm = λe v√
2
eL eR + λd
v√
2
dL dR + λd
v√
2
uL uR + h.c. (A-3)
The SM does not contain a right-handed neutrino, hence mν = 0. Furthermore, all interaction
terms are renormalisable. This renormabilisity, together with the field content given above,
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imply that besides the invariance under the local symmetry G321, 4 global U(1)s are conserved:
the baryon number B, and the lepton flavour number Le,µ,τ , and consequently the total lepton
number L. As a consequence of this, the neutrino remains massless to all orders of perturbation.
A.2 Sphalerons
Baryon and Lepton numbers are accidental symmetries of the Standard Model. This means
that they do not reflect a higher symmetry but are satisfied given the particle content and the
renormalisable couplings of the model. B and L are conserved at tree level and to all order in
perturbation theory.
However, 'T Hooft showed [13] that non-perturbative effects, called instantons, can lead to the
violation of B +L, while conserving the orthogonal B −L. This property is associated with the
topological structure of any SU(N) gauge group. The ground state of the theory is not unique,
but degenerate vacua exist which are topologically inequivalent. Going from one vacuum to
another vacuum can be done by tunnelling through field configurations called instantons, but
typically the probability will be highly suppressed. Another possibility arise from the existence of
static but unstable field configurations that help the transition to occur: these are the sphalerons.
In concrete terms, the baryonic and leptonic number currents,
JLµ =
∑
i
¯`L iγµ`L i − ¯eL icγecL i ,
JBµ =
1
3
∑
i
Q¯L iγµQL i − ¯uL icγucL i − ¯dL icγdcL i , (A-4)
have a non-zero divergence from the ABJ triangle anomaly[128]:
∂µJBµ = ∂
µJLµ =
Ng
32pi2
(
g2WµνW˜µν − g′2BµνB˜µν
)
, (A-5)
where Wµν and Bµν are SU(2) and U(1) field-strengths respectively, and Ng the number of
fermions generations. Therefore, we see that B − L is conserved, as ∂µ(JLµ − JBµ ) = 0. The
orthogonal combinaison, B + L is violated:
∂µ(JLµ + J
B
µ ) = 2Ng∂µK
µ . (A-6)
The interesting point is that Kµ is related to the topological structure of the vacuum, by:
NCS(ti)−NCS(t0) =
∫ ti
t0
dt
∫
d3x∂µK
µ ≡ n , (A-7)
where n is an integer, and NCS are Chern-Simons number. Therefore we see that if during a
time ∆t a transition between two vacua with distinct topological charges occurs, this will induce
a baryon+lepton number violation, as
∆(B + L) = Ng∆NCS . (A-8)
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At zero temperature however, the transition rate between two vacua is exponentially suppressed,
with
Γ ' e−8pi2/g2 ' e−173 , (A-9)
and effectively no transition occurs. The picture changes however at high temperature, T & TEW ,
as showed by Kuzmin, Rubakov and Schapovnikov[14]: instead of tunnelling through the barrier,
the available thermal energy allows to step over it, thanks to the Higgs and gauge boson field
configurations that lie on the top of the energy barrier separating two topologically inequivalent
vacua. The situation is schematically depicted in fig.A-1.
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Figure A-1: Energy of gauge field configuration versus Chern-Simons number
The sphaleron transition amplitude is roughly A ' e−Esph/T , with Esph the height of the energy
barrier
Esph ' 8pi v
g
. (A-10)
Hence, for T  Esph, the transition amplitude gets unsuppressed and rapidly occurs.
In the Standard Model, we have the strong sphalerons, which are related to the SU(3) gauge
structure, and whose density rate is given by[129]:
ΓQCD/V ' 250α5s T 4 . (A-11)
As V ∼ T 3, the QCD-sphalerons enter in-equilibrium when ΓQCD(T ) . H(T ), which happens
at T . 1013 GeV, and then induce an effective interaction
OQCD = Πi=1,2,3(qL iqL i ucR i dcR i) , (A-12)
which relate left and right-handed quarks.
The SM also contains electroweak instantons, which are related to the SU(2) gauge structure,
with a density rate[130]:
ΓEW /V ' 25α5W T 4 . (A-13)
If in-equilibrium, these sphalerons induce an effective interaction
OEW = Πi=1,2,3(qL iqL iqL i`L i) , (A-14)
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which consist in a B ↔ L exchange. The SU(2) sphalerons are faster than the Hubble expansion
rate for T . 1012 GeV. Hence, for TEW . T . 1012 GeV, any B+L number will be driven to zero
by the fast B+L violating sphalerons. On the other hand, B−L asymmetries are not affected by
sphalerons transition. The early GUT baryogenesis model were based on SU(5), which conserves
B − L, hence the possible B number creation was wiped out as soon as electroweak sphalerons
enter in-equilibrium and this models cannot work. On the contrary of leptogenesis models, were
the asymmetry is produced in the L direction, which is then reprocessed into the −B direction.
Appendix B
Thermodynamics
The evolution of the Universe is described by the Einstein equation which relate the geometry
of the Universe to its content:
Rµν − 12gµνR = 8piGNTµν + Λgµν . (B-1)
In this equation R is the Ricci scalar, Rµν the Ricci tensor, Tµν the stress-energy tensor, gµν the
space-time metric and Λ is the cosmological constant. GN is the Newton constant,
GN =
1
Mpl2
, (B-2)
Mpl ' 1.221× 1019 GeV . (B-3)
Assuming that the Universe content is a perfect fluid, we can write the stress-energy tensor as:
Tµν = −pgµν + (p+ ρ)uµuν , (B-4)
where p is the pressure and ρ the energy density of the perfect fluid. The velocity vector of the
fluid, uµ is given in the rest frame of the plasma by u = (1, 0, 0, 0).
Assuming further homogeneity and isotropy of the Universe, it can be described through a
Robertson-Walker metric,
ds2 = dt2 − a(t)2dr2 , (B-5)
so that the (0-0) component of the Einstein equation can be written:(
a˙
a
)2
+
k
a2
=
8piGN
3
ρ+
Λ
3
, (B-6)
where k = 0,+1,−1 is the curvature of the Universe (resp. flat, open and closed geometry), and
a(t) is the scale factor of the expanding Universe. The Hubbler expansion rate H is defined as:
H ≡
(
a˙
a
)2
, (B-7)
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and tells us how fast the Universe is expanding.
The species which compose the Universe are liable to interaction. In an expanding Universe,
if this rate is faster than the Hubble expansion rate, then theses particles will be maintained
causally connected with the thermal bath: the species are in-equilibrium and in that case they
all have the same temperature. However, Uinverse is cooling. Then it is likely that at some
temperature Tf , interactions will not be able to keep species in equilibrium as they freeze-out:
Γ(T ) . H(T ) for T . Tf .
When out-of-equilibrium, the species decouple from the thermal bath and evolves independently
of it. The criterion Γ(Tf ) ' H(Tf ) gives a rough picture of the decoupling, but a more accurate
description require to study microscopic evolution of the particle number densities, by solving
the Boltzmann equations. This appendix briefly introduce equilibrium and out-of-equilibrium
thermodynamics, which is needed when studying leptogenesis. We refer the reader to refs.[1],[66]
for more detailled presentations of section 1 and 3.
B.1 Equilibrium thermodynamics
Species in-equilibrium can be described by ideal Fermi-Dirac (FD) or Bose-Einstein (BE) fluid,
whose distribution function is:
feqi (p, µi, T ) =
gi
exp((Ei − µi)/T )± 1 , (B-8)
where gi denotes the number of degree of freedom of the species i, Ei =
√
p2 +m2i and µi is
the chemical potential of the species. The + (−) sign refers to FD (BE) statistic. The classical
approximation of Maxwell-Boltzmann (MB) statistic, which will extensively use in the network
of Boltzmann equations, is:
feqi = gi exp((Ei − µi)/T ) . (B-9)
Given these distribution functions, one defines the equilibrium number density ni and the equi-
librium energy density ρi are given by:
neqi (T ) =
∫
d3p
(2pi)3
feqi (p, µi, T ) =
gi
2pi2
∫ ∞
mi
dE
√
E2 −m2iE
exp((Ei − µi)/T )± 1 (B-10)
ρeqi (T ) =
∫
d3p
(2pi)3
feqi (p, µi, T )E(p) =
gi
2pi2
∫ ∞
mi
dE
√
E2 −m2iE2
exp((Ei − µi)/T )± 1 (B-11)
Defining zi = mi/T , the number density for a massive particle is given by:
neqi (µ, T )
MB =
giT
3
2pi2
e−
µi
T z2i K2(zi) , (B-12)
for Maxwell-Boltzmann statistic, and:
neqi (µ, T )
BE
FD =
giT
3
2pi2
∞∑
k=0
(±eµi/T )k
k + 1
z2iK2 ((k + 1)zi) , (B-13)
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for fermions and bosons. Here Kn(x) is the modified Bessel function of the second kind.
The asymptotic expansion of Bessel functions is well known and one can therefore deduce asymp-
totic behaviour of the number densities.
• For high temperatures T  mi, neglecting chemical potential:
neqi (T )
MB ' giT
3
pi2
(
1− 1
4
z2i + . . .
)
, (B-14)
neqi (T )
BE ' giT
3
pi2
(
ζ(3) +
1
4
z2i log(zi) + . . .
)
, (B-15)
neqi (T )
FD ' giT
3
pi2
(
3
4
ζ(3) + z2i
log(2)
2
+ . . .
)
, (B-16)
where ζ(3) ' 1.202.
• The low-temperature expansion reads:
neqi (T )
MB ' neqi (T )BE ' neqi (T )FD ' gi
(
miT
2pi
)3/2
e−mi/T . (B-17)
The usual assumption is to disregard quantum statistic and handle fermions and bosons in terms
of MB particle, with either
neqX =
gXT
3
2pi2
z2X K2(zX) , (B-18)
for a massive particle, or
neqX =
gX T
3
pi2
(B-19)
for a massless one. Similarly, one obtains the asymptotic behaviour of the energy density:
• for the high temperature expansion T  mi one has:
ρeqi (T )
BE ' pi
2
30
giT
4 , (B-20)
ρeqi (T )
FD ' 7
8
pi2
30
giT
4 . (B-21)
• For the low temperature expansion T  mi,
ρeqi (T ) = mi n
eq
i (T ) ∝ e−mi/T . (B-22)
.
Therefore, at a given temperature T , the energy density of non-relativistic species will be expo-
nentially suppressed, thus being safely neglected in the total energy density of the Universe
ρtot =
pi2
30
g∗T 4 , (B-23)
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where g∗ counts the effective number of degrees of freedom:
g∗ =
∑
i=BE
gi
(
Ti
T
)4
+
7
8
∑
i=FD
gi
(
Ti
T
)4
. (B-24)
Here, Ti is the temperature of the species i: Ti ∝ T with equality when the species i are
in-equilibrium. For the typical temperatures we consider, T  100 GeV, g∗ = 106.75 in the
Standard Model, while g∗ = 228.75 in the MSSM.
Therefore, according to eq.(B-6), assuming flatness and negligible cosmological constant, that is
valid in the very early Universe, one deduces
H(T ) =
√
8piρtot
3M2pl
' 1.66g1/2∗ T
2
Mpl
. (B-25)
In the radiation dominated epoch a ∼ t1/2 and therefore one relates time and temperature by:
t(T )
1 s
' 2.42 g1/2∗
(
T
1 MeV
)−2
. (B-26)
Neglecting the chemical potential we have for the entropy density:
s =
ρ+ P
T
=
2pi2
45
q∗ T 3 , (B-27)
where
q∗ =
∑
i=BE
gi
(
Ti
T
)3
+
7
8
∑
i=FD
gi
(
Ti
T
)3
. (B-28)
If all relativistic species are in-equilibrium, then Ti = T and q∗ = g∗. Furthermore, since
T ∝ a−1 and s ∝ a−3, as long as the number of particles remains constant, the comobile number
density Yi = ni/s is constant. On the other hand, when degrees of freedom freeze and become
non-relativistic, the conservation of entropy implies that q<∗ T 3< = q>∗ T 3> and thus:
T> = T<
(
q<∗
q>∗
)1/3
. (B-29)
That is, when dof decouple from the thermal bath, their entropy is transfered to species that are
in thermal equilibrium, and their temperature therefore increase: entropy creation (re)heats the
Universe.
Given the above definitions, we further have that
s =
q∗ pi4
45 ζ(3)
nγ ' 1.8 q∗ nγ , (B-30)
so that the actual entropy and photon number density are related according to
s0 ' 1.8 q∗0 nγ0 ' 7.04nγ0 . (B-31)
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Let us see how to relate the baryon number of the Universe to the lepton number that is produced
during leptogenesis [83]. Since that particles and antiparticles have an opposite chemical potential
µx = −µx, the net number density of a particle x can be written, for small µX/T
nx − nx = gx T
3
6
×
{
µX/T for a fermion
2µX/T for a boson
. (B-32)
Therefore, since B is stored both in SU(2)L doublet and singlet components, the baryon number
is
B =
gx T
2
6
∑
i
(
µuiL
+ µdiL + µuiR + µdiR
)
, (B-33)
where the sum is made over the different asymmetries that are populated.
Similarly, the lepton number is
L =
∑
i
Li =
gx T
2
6
∑
i
(
µνiL
+ µeiL + µeiR
)
. (B-34)
The different species undergo reactions, which if in-equilibrium enforce algebraic relations among
the chemical potentials involved, since for a i+ j ↔ k + l interaction, the equilibrium condition
implies
µi + µj = µk + µl . (B-35)
Then, according to the different chemical equilibriums that hold at a given temperature, B and
Li can be related. Actually in the SM, B and L are only related through the effective interaction
induced by the electroweak sphalerons. Since this interaction is in-equilibrium for T . 1012 GeV,
no baryon asymmetry can be generated via leptogenesis for T & 1012 GeV. Furthermore, since
these interactions conserve B − L but violate B + L, which they set to zero, one could naïvely
think that
B =
B + L
2
+
B − L
2
→ B − L
2
, (B-36)
when electroweak sphalerons are in-equilibrium. Actually, since the latter only involve left-
handed fields, while the lepton and baryon number are stored both in SU(2) doublets and
singlets, the situation is more involved, and relating B to the Li require to determine which
interactions are in-equilibrium when the lepton asymmetry is created. Since leptogenesis occurs
at T ∼M1, the different temperature regime then correspond to range of M1.
We can list the different interactions and the temperature at which they become in-equilibrium[83],[76].
• Gauge interactions are always in-equilibrium. Consequently, gluons and B0 have a null
chemical potential, and furthermore the different quark colours have a same µ. Interactions
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with the W± enforce
µW = µφ− + µφ0 ,
µW = −µuL + µdL ,
µW = −µνL + µeL , (B-37)
where µW = µW− = −µW+ , and φ denotes the Higgs doublet.
Moreover, since SU(2) is gauged, the sum of third weak-isospin component should be zero:
3
2
∑
i
(
µuiL
− µdiL
)
+
1
2
∑
i
(
µνiL
− µeiL
)
− 2m
2
(
µφ0 + µφ−
)− 4µW = 0 , (B-38)
where m is the number of Higgs doublet. This relation implies that µW = 0 and so
all SU(2) doublet components have an equal chemical potential µuL = µdL = µqL and
µνL = µeL = µ`L .
• The requirement that the total hypercharge is null enforces:∑
i
(
µqiL
+ 2µuiR − µdiR
)
−
∑
i
(
µeiR
+ µ`iL
)
+ 2µφ = 0 . (B-39)
• For T . 1013 GeV, QCD sphalerons are in-equilibrium:∑
i
(
µqiL
− µuiR − µdiR
)
= 0 . (B-40)
For T . 1012 GeV, the electroweak sphalerons are in-equilibrium and so B and L doublets
are related according to: ∑
i
(
3µqiL + µ`iL
)
= 0 . (B-41)
Finally, the interactions involving charged fermion Yukawas, when in-equilibrium, yield the fol-
lowing relations:
µuiR
= µqiL + µφ0 ,
µdiR
= µqiL − µφ0 ,
µeiR
= µ`iL − µφ0 , (B-42)
for up-type quarks, down-type quarks and charged leptons, respectively.
We are interested in relating the ∆α ≡ B/3−Lα asymmetries to the leptonic doublet ones `Lα,
and this relation depends on the temperature regime.
• If M1 & 1012 GeV, none of the charged lepton Yukawas are in-equilibrium. Therefore,
the SU(2)L singlets do not store any asymmetry, since only the left-handed part interact
with the gauge bosons. Consequently the lepton number and the leptonic doublet number
are equal. Since no baryon number is generated, as electroweak sphalerons are out-of-
equilibrium, we have Y∆α = Y∆ = −YL.
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• If 109 . M1 . 1012 GeV, then the tau-Yukawas are in-equilibrium, as well as electroweak
sphalerons. A non-zero asymmetry can thus be stored in τR. Since t, b and c quarks are
in-equilibrium, the conversion matrix reads: Y∆eY∆µ
Y∆τ
 = T 36 s
 −
4
9 − 2 −49 −49
−49 −49 − 2 −49
−29 −29 −49 − 3 + 1645
 .
 µeL/TµµL/T
µτL/T
 . (B-43)
However, the e and µ flavours are indistinguishable, therefore one should rather consider
the asymmetry produced in e+µ direction, that is, one should sum the chemical potentials
µeL + µµL , so that(
Y∆e+µ
Y∆τ
)
=
T 3
6 s
(
−269 −89
−29 −13945
)
.
(
µeL/T + µµL/T
µτL/T
)
. (B-44)
Since Y`L,α =
T 3
6 s
(
2µ`L,α/T
)
, we obtain
Y`α =
(
−417589 120589
30
589 −390589
)
.Y∆α . (B-45)
• If M1 . 109 GeV, the muon Yukawas are in-equilibrium, as well as the s-ones. Thus, the
three lepton flavours are distinguishable, and one has Y∆eY∆µ
Y∆τ
 = T 36 s
 −
4
9 − 2 −49 −49
−49 − 16 −49 − 2− 1115 −49 − 415
−49 − 16 −49 − 415 −49 − 2− 1115
 .
 µeL/TµµL/T
µτL/T
 , (B-46)
that is,
Y`α =
1
179
 −151 20 20252 −3443 143
25
2
14
3 −3443
 .Y∆α . (B-47)
Finally, the baryon asymmetry is related to the B/3− Lα ones by the relation[83]:
YB =
32 + 4m
98 + 13m
∑
α
Y∆α , (B-48)
which gives YB = 12/37
∑
α Y∆α in the SM with (m = 1) one Higgs doublet.
B.3 Out-of-equilibrium thermodynamics: Boltzmann equations
Let us see how to characterise species which undergo non-elastic collisions. The evolution of the
distribution function is given by the Boltzmann equations (BE)
L[f ] = C[f ],
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where C is the collision term and L is the Liouville operator,
L[f ] = pα
∂
∂xα
− Γαβδ pβpδ
∂
∂xα
,
which is conveniently express in a homogeneous and isotopric space-time as :
L[f ] = E
∂f
∂t
−H(t) p ∂f
∂E
. (B-49)
Integrating over momentum, one recover the usual BE:
n˙i + 3H(t)ni = Ci . (B-50)
All the work will then to evaluate the collision term. For a generic 2-to-2 scattering i+j ↔ k+ l,
it can be written as:
Ci = (2pi)4
∫
δ(pi + pj − pk − pl) gid
3pi
2(2pi)3Ei
...
gld
3pl
2(2pi)3El
× |M|2 × ((1± fi)(1± fj)fkfl − fifj(1± fk)(1± fl)) , (B-51)
where + (-) stands for FD (BE) statistics, andM is the invariant amplitude. We can simplify
this expression by using MB statistics and neglecting Pauli blocking and stimulating emission
factors (i.e., quantum statistic), so that the collision term reads:
Ci = (2pi)4
∫
δ(pi + pj − pk − pl) gid
3pi
2(2pi)3Ei
...
gld
3pl
2(2pi)3El
× |M|2 × (fkfl − fifj) . (B-52)
Since that for what concern us, the elastic scatterings, which conserve particle densities but
not their distribution, are much faster than inelastic scatterings, we can approximate fX =
feqX nX/n
eq
X , so that the collision term can be further simplified:
Ci =
nk
neqk
nl
neql
γklij −
ni
neqi
nj
neqj
γijkl , (B-53)
where we define the reaction density γijkl:
γijkl = (2pi)
4
∫
δ(pi + pj − pk − pl) gid
3pi
2(2pi)3Ei
...
gld
3pl
2(2pi)3El
× |M|2 × feqi feqj . (B-54)
Given this, the BE reads:
n˙i + 3H(t)ni =
∑
k,l,j
(
nk
neqk
nl
neql
γklij −
ni
neqi
nj
neqj
γijkl
)
. (B-55)
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It is customary in leptogenesis to parametrise number density evolution in function of the variable
z ≡Mi/T , (B-56)
instead of the time t, where M . The relation between those two is
dz
dt
= −MN1
T 2
dT
dt
= z H(z) . (B-57)
It is also customary to use the comoving number density YX that are defined by
YX ≡ nX
s
, (B-58)
where s is the entropy density. Such transformation is done because both nx and s scale as T
3,
and therefore Y is constant during the cooling of the Universe, up to non-elastic processes.
With these two redefinitions, the BE eq.(B-50) translates to
dYi
dz
= − 1
szH(z)
Ci(z) , (B-59)
Ci(z) =
∑
X,j
(
Yk
Y eqk
Yl
Y eql
γklij −
Yi
Y eqi
Yj
Y eqj
γijkl
)
. (B-60)
This is the general form of the Boltzmann equations for comoving number densities. It is written
here for a two-to-two scattering, but the collision term should obviously include all relevant
processes of the model under consideration. In this manuscript, we only focus on decays X → ij
and on 2-to-2 scatterings. The density rate for a two body decay is given by:
γXij (zx) = n
eq
x (zx)×
K1(zx)
K2(zx)
Γ(X → ij) , (B-61)
where K1,2 are the modified Bessel function of the second kind, and Γ(X → ij) is the decay rate
evaluated in the rest-frame of the decaying particle. For a two body scattering, one has:
γXYkl (z) =
1
64pi4
s2min
zm
∫ ∞
1
dx
√
xK1(
√
x zm)σˆ(x) , (B-62)
where smin = max
(
(mX +mY )2, (mk +ml)2
)
, zm =
√
smin/T and σ̂(x) is the reduced cross-
section, the cross section summed over initial phase space:
σ̂(s) =
2λ(s,m2X ,m
2
Y )
s
σ(s) =
2
(
s− (mX +mY )2
) (
s− (mX −mY )2
)
s
σ(s) . (B-63)
Decays/inverse decays and top-scatterings
Let us discuss the different terms that we consider in this thesis.
At first order, we included decays and inverse, that are given by:
κ1D(z) ≡ z
sH(M1)
γN`φ
Y eqN (z)
= κ1 z
K1(z)
K2(z)
,
κ1Wid(z) =
κ1
2
Y eqN (z)
Y eq` (z)
D(z) =
κ1
4
z3K1(z) . (B-64)
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where κ1 (denoted K1 in the thesis), is the wash-out parameter,
κ1 =
Γ(N → `)
H(M1)
. (B-65)
Given the high temperature expansion
K2(z  1) ' 2
z
K1(z  1) ' 2
z2
,
(B-66)
we have that D(z  1) ' 2Wid(z  1)z2/2  1: decays and inverse decays are highly
suppressed. In the opposite low-temperature regime, since
K1(z  1) ' e
−z
√
z
√
pi
2
(
1 +
3
8 z
)
,
K2(z  1) ' e
−z
√
z
√
pi
2
(
1 +
15
8 z
)
(B-67)
we obtains
D(z  1) ' z − 3
2
,
Wid(z) ' e
−z
4
√
pi
2
z5/2
(
1 +
3
8 z
)
. (B-68)
Hence, while decays increase with z, the inverse decays get Boltzmann suppressed at low tem-
perature. The latter reach their maximum for z ' 2.4, at Wid(z) ' 0.29.
We also include ∆L = 1 neutrino-top scatterings, which are mediated by a Higgs field in the s−
and t− channels, as seen in chapter 3.
The reduced cross-section for these scatterings, involving a right-handed neutrino Ni, is given
by [57]:
σ̂s(x) =
3αt
2
κi
x2 − a2i
x2
, (B-69)
where x = s/M21 is the rescaled energy in the centre-of-mass frame, ai = M
2
i /M
2
1 and αt = h
2
t /4pi.
The t−channel contribution reads [57]:
σ̂s(x) = 3αt κi
x− ai
x
(
x− 2 ai + 2 ah
x− ai + ah +
ai − 2 ah
x− ah ln
(
x− ai + ah
ah
))
, (B-70)
where ah correspond to the rescaled Higgs mass, which is used to regularise an infrared divergence,
ah = (µ/M1)2 ' 10−16.
At high temperatures, the reaction density scales as T 4, and one has [59]:
z
sH(M1)
γs,t
Y eqN
z1' 9
4pi2
m2t
2 v2
' 0.1 , (B-71)
and D(z) + S(z) ' S(z) ' 0.1, z  1.
In the opposite regime of low temperatures, D(z) + S(z) ' D(z) ' z.
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